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ABSTRACT 
I n o r d e r t o i n v e s t i g a t e the f e a s i b i l i t y of the v a r i o u s 
proposed d e s i g n improvements i n motor v e h i c l e s , a f l e x i b l e 
computer s i m u l a t i o n package has been developed a t the 
U n i v e r s i t y , of Durham. The package s i m u l a t e s motor 
v e h i c l e s by c o n n e c t i n g a s e r i e s of s u b r o u t i n e s 
r e p r e s e n t i n g i n d i v i d u a l p h y s i c a l components which c o n t a i n 
t h e i r own e f f i c i e n c y c h a r a c t e r i s t i c s and t o g e t h e r 
r e p r e s e n t t h e d e s i r e d t o t a l d r i v e t r a i n . 
I t i s shown t h a t t h e replacement of the c o n v e n t i o n a l f o u r — 
speed manual gearbox by c o n t i n u o u s l y v a r i a b l e t r a n s m i s s i o n 
i n p r e s e n t v e h i c l e s can l e a d t o improvements of 7-23% i n 
o v e r a l l f u e l economy. 
Furthermore, i t i s demonstrated t h a t by u s i n g present 
t e c h n o l o g i e s improvements of 59-65% i n o v e r a l l f u e l 
economy are p o s s i b l e by t h e t u r n of the c e n t u r y . I t i s 
a l s o shown t h a t these s a v i n g s c o u l d be enhanced by a 
f u r t h e r 26% i f t h e ideas a t present i n c o r p o r a t e d i n 
r e s e a r c h v e h i c l e s are t r a n s l a t e d t o on-road v e h i c l e s 
r e g a r d l e s s of c o s t . 
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C H A P T E R O H E 
IFTRODUCTIOH 
INTRODUCTION. 
The 1 9 8 0 s b e g a n w i t h a n e r v o u s a n d t i g h t o i l m a r k e t . The 
r e v o l u t i o n i n I r a n a n d t h e c u r t a i l m e n t o f I r a n i a n p r o d u c t i o n 
i n 1 9 7 9 - 1 9 8 0 s p u r r e d a n i n c r e a s e i n t h e p r i c e o f o i l by more 
t h a n d o u b l e t o t h i r t y d o l l a r s a b a r r e l (1>. T h e s e h i g h 
p r i c e s , c o m i n g on t o p o f t h e p r i c i n g r e v o l u t i o n o f 
1 9 7 3 - 1 9 7 4 , h e l p e d t o c r e a t e a w o r l d r e c e s s i o n . T h e s e p r i c e 
i n c r e a s e s a l s o s e r v e d t o a c c e l e r a t e t h e s e a r c h f o r o i l 
o u t s i d e OPEC. T h i s , i n l i n e w i t h t h e r e c e s s i o n , c a u s e d a 
w e a k e n i n g o f t h e o i l m a r k e t a n d a f i n a l c o l l a p s e i n F e b r u a r y 
1986 when o i l p r i c e s t u m b l e d by o v e r f i f t e e n d o l l a r s i n j u s t 
a f e w w e e k s ( 1 ) . T^e p o s i t i o n c o u l d e a s i l y be r e v e r s e d , 
h o w e v e r , i f i t r e s u l t s i n a n u p t u r n i n t h e w o r l d economy an d 
t h e a b a n d o n m e n t o f f u e l - s w i t c h i n g a n d e n e r g y c o n s e r v a t i o n 
p o l i c i e s . A l t e r n a t i v e l y , a p r o d u c t i o n a g r e e m e n t by t h e o i l 
p r o d u c i n g c o u n t r i e s c o u l d l e a d t o a n u p t u r n i n t h e p r i c e o f 
o i l . I n d e e d s u c h a n a g r e e m e n t t o c u t b a c k p r o d u c t i o n was 
r e a c h e d i n OPEC member c o u n t r i e s i n A u g u s t 1986, t h e 
e f f e c t i v e n e s s o f w h i c h d e p e n d s h i g h l y on w h e t h e r i t w i l l be 
a d h e r e d t o a n d t h e a t t i t u d e o f t h e non-OPEC o i l p r o d u c i n g 
c o u n t r i e s . 
T h e e f f e c t o f 1 9 7 3 - 1 9 7 4 a n d 1 9 7 9 - 1 9 8 0 i n c r e a s e s i n o i l 
p r i c e s on c o n s u m p t i o n i n t h e E E C a n d UK i s i l l u s t r a t e d i n 
1 -
F i g s 1 . 1 ( 2 ) a n d 1 . 2 ( 3 ) r e s p e c t i v e l y . A l t h o u g h t h e t o t a l 
p e t r o l e u m c o n s u m p t i o n h a s d e c r e a s e d d r a m a t i c a l l y , t h e amount 
o f p e t r o l e u m u s e d i n t r a n s p o r t h a s b e e n r e l a t i v e l y 
u n c h a n g e d . I t s e e m s t h a t t h e i m p r o v e m e n t s i n v e h i c l e f l e e t 
f u e l c o n s u m p t i o n h a s b a l a n c e d o u t t h e i n c r e a s e s i n v e h i c l e 
p o p u l a t i o n . 
1. 1 C h a n g e s i n V e h i c l e P o p u l a t i o n 
O v e r t h e y e a r s t h e r e h a v e b e e n c h a n g e s i n v e h i c l e a n d e n g i n e 
s i z e . F i g 1 . 3 ( 4 ) r e p r e s e n t s t h e number o f c a r s o f e a c h 
c l a s s a s a p e r c e n t a g e o f t o t a l c a r s r e g i s t e r e d i n UK o v e r 
t h e 1 9 7 0 - 1 9 8 4 p e r i o d a n d s h o w s t h e g r o w i n g d o m i n a n c e o f t h e 
c a r s o f 1 0 0 0 - 2 0 0 0 C C r a n g e . I n f a c t , a n e s t i m a t e ( 5 , 6 ) f o r 
1976 s h o w s t h a t a l n j o s t 4 7 % o f t h e t o t a l p e t r o l e u m e n e r g y 
u s e d i n r o a d t r a n s p o r t i s c o n s u m e d by c a r s o f t h i s r a n g e . 
T h i s s h a r e i s e x p e c t e d t o h a v e r i s e n due t o t h e i n c r e a s i n g 
s h a r e o f t h i s r a n g e i n t h e number o f c a r s on t h e r o a d . So 
t h i s s t u d y e x a m i n e s p o s s i b l e f u e l s a v i n g s i n v e h i c l e s i n 
t h i s r a n g e o f e n g i n e s i z e . 
1. 2 F u e l E conomy T a r g e t 
F i g 1 . 4 ( 4 ) s h o w s t h e v e h i c l e p o p u l a t i o n o f t h e r e c e n t p a s t 
a n d f o r e c a s t s t h a t , by t h e y e a r 2000> c a r p o p u l a t i o n i s 
e x p e c t e d t o r i s e b e t w e e n 2 2 % a n d 5 0 % r e l a t i v e t o 1984. I n 
o r d e r t h a t c o n s u m p t i o n o f p e t r o l e u m i n r o a d t r a n s p o r t 
i s a t l e a s t k e p t a t t h e r e l a t i v e l y c o n s t a n t l e v e l s o f t h e 
p a s t d e c a d e , t h e i m p r o v e m e n t s i n v e h i c l e f l e e t p e t r o l e u m 
c o n s u m p t i o n s h o u l d b a l a n c e o u t t h e i n c r e a s e i n v e h i c l e 
p o p u l a t i o n w h i c h w o u l d r e q u i r e s a v i n g s o f a b o u t 22-50%.. I n 
o r d e r t o o b t a i n s u c h f u e l s a v i n g s v a r i o u s m e t h o d s h a v e b e e n 
p r o p o s e d , a n d i n o r d e r t o i n v e s t i g a t e t h e i r f e a s i b i l i t y some 
a r e r e v i e w e d h e r e . 
1. 3 Supplementary F u e l s 
The p r i m a r y f u e l w h i c h f o r m s a u s e f u l s u p p l e m e n t t o o i l i s 
n a t u r a l g a s . N a t u r a l g a s r e s e r v e s t h r o u g h o u t t h e w o r l d a r e 
v e r y l a r g e a n d t h e r e a r e s e v e r a l s c h e m e s t o s u p p l y n a t u r a l 
g a s i n t e r n a t i o n a l l y , s u c h a s t h e S i b e r i a n p i p e - l i n e f r o m t h e 
S o v i e t U n i o n t o W e s t e r n E u r o p e . A l t h o u g h i t i s r e l a t i v e l y 
e a s y t o c o n v e r t e x i s t i n g e n g i n e s t o r u n on n a t u r a l g a s , i t 
i s a n i n c o n v e n i e n t f u e l f o r r o a d v e h i c l e s due t o l a r g e 
d i f f i c u l t i e s i n s t o r a g e . 
N a t u r a l g a s , l i k e c o a l , c a n a l s o be p r o c e s s e d i n t o m e t h a n o l , 
a l i q u i f i e d f u e l w h i c h c a n be t r a n s p o r t e d i n t a n k e r s a n d i s 
s t a b l e a t a i m b i e n t c o n d i t i o n s . M e t h a n o l h a s a n i m p o r t a n t 
a d v a n t a g e o v e r o t h e r a l t e r n a t i v e s i n t h a t i t c a n be b l e n d e d 
w i t h p e t r o l by v o l u m e a t up t o 5 % w i t h f e w t e c h n i c a l 
p r o b l e m s ( 7 ) . T h e r e a r e p r o p o s a l s t o . i i n c r e a s e t h e m e t h a n o l 
c o n t e n t o f m o t o r f u e l s ( 7 ) . T h e m a i n d r a w b a c k s o f s u c h 
a p p l i c a t i o n s a r e i t s l o w e n e r g y d e n s i t y < h a l f t h a t o f 
- 3 
p e t r o l ) a n d i t s a t t r a c t i o n f o r w a t e r w h i c h c a n h a v e a 
c o r r o s i v e e f f e c t o n t h e m a t e r i a l u s e d i n t h e f u e l s y s t e m . 
A n o t h e r p r o p o s e d s u p p l e m e n t a r y f u e l i s e t h a n o l w h i c h i s 
p r o d u c e d by f e r m e n t a t i o n o f a n y c r o p r i c h i n c a r b o h y d r a t e s 
s u c h a s s u g a r c a n e , c o r n , e t c . P r o d u c t i o n s o f m e t h a n o l a n d 
e t h a n o l a r e v e r y w a s t e f u l o f e n e r g y , h o w e v e r , a n d t h e 
c o m m e r c i a l j u s t i f i c a t i o n d o u b t f u l . F o r e t h a n o l , t h e r e i s 
t h e a d d e d d i s a d v a n t a g e t h a t t h e s o u r c e i s e s s e n t i a l l y a f o o d 
c r o p . I n some p l a c e s , l i k e B r a z i l , w h e r e 95 v o l % i s now i n 
u s e i n f l e e t o p e r a t i o n , t h e r e a r e s t r o n g i n d i g e n o u s a n d 
e c o n o m i c r e a s o n s , b u t f o r t h e r e s t o f t h e w o r l d i t h o l d s 
r e l a t i v e l y l i t t l e p o s s i b i l i t y ( 7 ) . 
1.4 A l t e r n a t i v e E n g i n e s 
T h e i n c r e a s i n g p r e s s u r e f o r i m p r o v e d f u e l economy h a s 
s t i m u l a t e d i n t e n s i v e r e s e a r c h i n t o a l t e r n a t i v e a u t o m o t i v e 
e n g i n e s , some o f w h i c h a r e d i s c u s s e d h e r e i n o r d e r t o 
d e t e r m i n e w h e t h e r t h e y c o u l d r e p l a c e t h e c o n v e n t i o n a l 
e n g i n e s i n t h e n e a r f u t u r e . 
1.4.1 B r a y t o n E n g i n e 
T h e g a s t u r b i n e w i t h r e g e n e r a t i v e h e a 1 ? i n g o f f e r s good 
t h e r m a l e f f i c i e n c y a t h i g h - l o a d c o n d i t i o n s , h a s m u l t i f u e l 
c a p a b i l i t y a n d p o t e n t i a l l y l o w e m i s s i o n s t a n d a r d s due t o i t s 
c o n t i n u o u s c o m b u s t i o n p r o c e s s . I t h a s a p o o r p a r t - l o a d 
e f f i c i e n c y , h o w e v e r , due t o t h e p a r a s i t i c l o s s e s w i t h i n t h e 
e n g i n e w h i c h t e n d t o i n c r e a s e r e l a t i v e t o t h e power o u t p u t 
a s t h e s i z e o f t h e e n g i n e i s r e d u c e d ( 8 ) . Due t o i t s 
a d v a n t a g e s a n d i t s e x c e l l e n t p o w e r : w e i g h t r a t i o g a s t u r b i n e 
c a n be a t t r a c t i v e a s a power u n i t f o r l a r g e t r u c k s . F o r t h e 
r a n g e o f v e h i c l e s c o n s i d e r e d h e r e , h o w e v e r , i t s f u t u r e i s 
much l e s s c e r t a i n . 
1.4.2 S t i r l i n g Eng3.ne 
Modern S t i r l i n g E n g i n e s a r e c l o s e d c y c l e e n g i n e s w i t h a n 
e x t e r n a l h e a t s u p p l y a n d o p e r a t e on a g a s c y c l e w i t h e i t h e r 
h e l i u m o r h y d r o g e n a s a w o r k i n g f l u i d . The e x t e r n a l 
c o m b u s t i o n p r o c e s s ^ o f t h e S t i r l i n g E n g i n e c a n p r o v i d e f o r 
g ood c o m b u s t i o n , m u l t i f u e l c a p a b i l i t y a n d l o w e m i s s i o n 
l e v e l s . T h e e n g i n e i s q u i e t , h a s h i g h t h e r m a l e f f i c i e n c y 
a n d good l o w - s p e e d t o r q u e a n d t h e r e f o r e i s w e l l s u i t e d f o r 
a u t o m o t i v e a p p l i c a t i o n . S i n c e t h e S t i r l i n g E n g i n e i s a n 
e x t e r n a l c o m b u s t i o n e n g i n e a n d h e a t h a s t o be t r a n s f e r r e d 
f r o m t h e c o m b u s t i o n g a s s e s t o t h e w o r k i n g f l u i d v i a a h e a t ' 
e x c h a n g e r , i t s f u r t h e r d e v e l o p m e n t d e p e n d s on t h e s u c c e s s f u l 
d e v e l o p m e n t o f a n i n e x p e n s i v e a n d e f f e c t i v e h e a t e x c h a n g e r 
c a p a b l e o f c o n t a i n i n g h y d r o g e n o r h e l i u m a t t h e h i g h 
o p e r a t i n g t e m p e r a t u r e s o f t h e S t i r l i n g E n g i n e . F u r t h e r 
p r o j e c t i o n s i n d i c a t e t h a t t h e S t i r l i n g E n g i n e w o u l d be 
v i a b l e e v e n l a t e r t h a n t h e g a s t u r b i n e C 7 ) . 
1.4.3 E l e c t r i c V e h i c l e s 
T h e b i g g e s t o b s t a c l e t o e m p l o y m e n t o f e l e c t r i c v e h i c l e s , a t 
p r e s e n t , i s t h e s t a t e o f b a t t e r y t e c h n o l o g y ( 7 ) . I n o r d e r 
t o o b t a i n a c o m p a r a b l e p e r f o r m a n c e w i t h a c o n v e n t i o n a l 
v e h i c l e t h e e l e c t r i c c a r must a w a i t t h e d e v e l o p m e n t o f a 
b a t t e r y c a p a b l e o f a c h i e v i n g ,a much h i g h e r e n e r g y d e n s i t y . 
T h e more a d v a n c e d n i c k e l - z i n c a n d s o d i u m - s u l p h u r b a t t e r i e s 
m i g h t p r o v i d e t h e r a n g e r e q u i r e d . The q u e s t i o n i s w h e t h e r 
t h e b a t t e r i e s c a n be s u p p l i e d a t a n a c c e p t a b l e c o s t a n d 
w h e t h e r s a f e t y a n d c o l d w e a t h e r p r o b l e m s c o u l d be o vercome. 
1.5 I m p r o v e m e n t s i n C o n v e n t i o n a l V e h i c l e D e s i g n 
I t i s e v i d e n t f r o m t h e a r g u m e n t s p r e s e n t e d i n t h e l a s t 
s e c t i o n ( 1 . 4 ) t h a t none o f t h e a l t e r n a t i v e power u n i t s 
s t u d i e d i s p r e s e n t l y a b l e t o a c h i e v e b e t t e r p e r f o r m a n c e t h a n 
t h a t o f t h e c o n v e n t i o n a l e n g i n e s . I n a d d i t i o n t h e 
c o n v e n t i o n a l e n g i n e s h a v e t h e m a j o r a d v a n t a g e t h a t t h e 
i n v e s t m e n t r e q u i r e d t o m a n u f a c t u r e , s e r v i c e a n d f u e l t h em 
h a s a l r e a d y b e e n made. I t i s e x p e c t e d , t h e r e f o r e , t h a t 
c o n v e n t i o n a l p e t r o l a n d d i e s e l e n g i n e s w i l l r e m a i n t h e 
d o m i n a n t a u t o m o t i v e p o w e r u n i t , a t l e a s t up t o t h e n e x t 
c e n t u r y ( 5 , 8 ) . T h e i m p r o v e m e n t s i n v e h i c l e d e s i g n 
c o n s i d e r e d i n t h i s w ork a r e , t h e r e f o r e , i n t h e f o u r m a j o r 
a r e a s o f : i m p r o v e m e n t s i n c o n v e n t i o n a l e n g i n e s ; b e t t e r 
e n g i n e - t r a n s m i s s i o n m a t c h i n g ; i m p r o v e d e n g i n e c o n t r o l ; 
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r e d u c t i o n o f v e h i c l e c h a r a c t e r i s t i c s o f d r a g , w e i g h t a n d 
r o l l i n g r e s i s t a n c e . T h e f u e l s a v i n g s p o s s i b l e by 
i m p r o v e m e n t s i n f u e l a n d l u b r i c a n t s a r e n o t c o n s i d e r e d h e r e . 
1.5.1 I m p r o v e m e n t s i n C o n v e n t i o n a l E n g i n e s 
B e f o r e e m b a r k i n g o n a d e s c r i p t i o n o f p r o p o s e d i m p r o v e d s p a r k 
i g n n i t i o n ( S I ) e n g i n e d e s i g n s , i t may be u s e f u l t o c o n s i d e r 
t h e e f f i c i e n c y o f t h e ' O t t o ' c y c l e w h i c h i s g i v e n by t h e 
e x p r e s s i o n : 
E f f i c i e n c y = 1 - ( 1 / r ) * - ' ( 1 . 1 ) 
w h e r e 
r = c o m p r e s s i o n r a t i o 
a n d 
V = r a t i o o f s p e c i f i c h e a t s o f t h e w o r k i n g f l u i d a t 
c o n s t a n t p r e s s u r e a n d c o n s t a n t t e m p e r a t u r e 
A l t h o u g h t h i s e x p r e s s i o n i s n o t s t r i c t l y v a l i d i n p r a c t i c a l 
e n g i n e s , t h e s i m p l i f i c a t i o n w h i c h i t i n t r o d u c e s h i g h l i g h t s 
t h e d e p e n d e n c e o f t h e r m a l e f f i c i e n c y on t h e c o m p r e s s i o n 
r a t i o a n d o n t h e )i o f t h e w o r k i n g f l u i d . ")( i n c r e a s e s f r o m 
1.3 t o 1.4 a s t h e f u e l / a i r m i x t u r e i s w e a k e n e d a n d a s 
e q u a t i o n 1.1 s h o w s t h i s c a n h a v e a d e s i r e d e f f e c t on t h e r m a l 
e f f i c i e n c y . I n p r a c t i c e , t h e h i g h e s t c o m p r e s s i o n r a t i o t h a t 
c a n be r e a c h e d i s l i m i t e d by t h e o n s e t o f k n o c k , a n d due t o 
t h e e n v i r o n m e n t a l p r e s s u r e s t o remove t h e l e a d a n t i k n o c k 
a d d i t i v e s f r o m g a s o l i n e , t h e o c t a n e number o f g a s o l i n e i s 
u n l i k e l y t o i n c r e a s e much i n f u t u r e . 
T h e i m p r o v e m e n t s i n S I e n g i n e d e s i g n a r e t h e r e f o r e 
c o n c e n t r a t e d on a l t e r a t i o n s t o t h e g e o m e t r y o f p i s t o n a n d 
c y l i n d e r h e a d a n d c h a n g e s i n f u e l d i s t r i b u t i o n s . 
E x p e r i m e n t a l e n g i n e s e m b o d y i n g t h e s e p r i n c i p l e s e x i s t s u c h 
a s t h e h i g h c o m p r e s s i o n L e a n b u r n May F i r e b a l l <9), t h e two 
i n l e t v a l v e Honda C V c c ( 1 0 ) , a n d t h e d i r e c t f u e l i n j e c t i o n 
c o m b u s t i o n s y s t e m s d e v e l o p e d by F o r d ( 1 1 ) a n d T e x a c o ( 1 2 ) . 
T h e most p r o m i s i n g o f t h e s e d e s i g n s i s t h e May F i r e b a l l w i t h 
many o f t h e w o r l d ' s . m o t o r m a n u f a c t u r e r s e x p e r i m e n t i n g w i t h 
i t s v a r i a t i o n s ( 8 ) . P r e d i c t i o n o f f u e l s a v i n g s a v a i l a b l e a t 
t h e t u r n o f t h e c e n t u r y due t o i m p r o v e m e n t s i n S I e n g i n e 
d e s i g n v a r y b e t w e e n 7 - 2 0 % ( 5 , 7 , 1 3 ) . 
I n a d i e s e l e n g i n e t h e f u e l i s i n t r o d u c e d i n t o t h e c y l i n d e r 
o n l y when c o m b u s t i o n ^ i s r e q u i r e d , a n d p r e - i g n i t i o n d o e s n o t 
o c c u r . M o r e o v e r , s i n c e f u e l i s i n j e c t e d a t a c o n t r o l l e d 
r a t e t h e p r o b l e m o f d e t o n a t i o n a s i n S I e n g i n e s d o e s n o t 
a r i s e . The c o m p r e s s i o n r a t i o i s t h e r e f o r e much h i g h e r i n 
d i e s e l e n g i n e s , w i t h t h e u p p e r l i m i t b e i n g f i x e d by t h e 
s t r e n g t h o f c y l i n d e r , t h e b e a r i n g s , e t c . The d e s i g n o f a 
d i e s e l e n g i n e , t h e r e f o r e , i n v o l v e s a c o m p r o m i s e b e t w e e n h i g h 
e f f i c i e n c y a n d l o w w e i g h t a n d c o s t . A c o m p a r i s o n o f t h e 
a i l — s t a n d a r d e f f i c i e n c i e s o f t h e D i e s e l a n d O t t o c y c l e when 
made a t a p p r o p r i a t e c o m p r e s s i o n r a t i o s ( F i g 1.5) s u g g e s t s 
t h a t t h e c o m p r e s s i o n i g n i t i o n ( C I ) e n g i n e w i l l be t h e more 
e f f i c i e n t . T h i s i s b o r n o u t i n p r a c t i c e , a n d i n g e n e r a l 
C I e n g i n e s a r e more e f f i c i e n t t h a n S I e n g i n e s . 
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F o r p a s s e n g e r c a r a p p l i c a t i o n s w h e r e h i g h s p e c i f i c power 
o u t p u t i s r e q u i r e d , i n d i r e c t i n j e c t i o n e n g i n e s a r e n o r m a l l y 
u s e d . T h e s e e n g i n e s c a n o p e r a t e r e a s o n a b l y q u i e t l y o v e r a 
w i d e r a n g e o f s p e e d s c o m p a r e d w i t h t h e d i r e c t i n j e c t i o n 
e n g i n e s n o r m a l l y u s e d i n t r u c k s a n d b u s e s . T h e most 
e f f i c i e n t t y p e o f t h e i n d i r e c t i n j e c t i o n d i e s e l e n g i n e i s 
t h e f o r m s u p e r c h a r g e d w i t h o p e n c o m b u s t i o n c h a m b e r s ( 1 4 ) . 
T h e d i e s e l e n g i n e p r e s e n t s a n a l t e r n a t i v e t o S I e n g i n e a n d 
may t a k e more o f a s h a r e o f t h e c a r m a r k e t i n t h e f u t u r e . 
However, t h i s i n c r e a s e d s h a r e i s a n t i c i p a t e d t o be l i m i t e d 
by a s h o r t a g e o f m i d d l e d i s t i l l a t i o n . A l t h o u g h d i e s e l f u e l 
c a n be o b t a i n e d by c r a c k i n g , t h i s i s a l e s s e n e r g y e f f i c i e n t 
method. I n a d d i t i o n t h e c o s t o f h i g h p r e s s u r e f u e l pumps 
a n d t u r b o b l o w e r s a r e s u c h t h a t f u e l c o s t s a n d m i l e a g e s 
w o u l d h a v e t o be v e r y h i g h , i n o r d e r t o p r o v i d e a p a y - o f f i n 
r e d u c e d f u e l c o n s u m p t i o n ( 1 4 ) . 
Due t o t h e a b o v e r e a s o n s , t h i s w o r k c o n c e n t r a t e s on t h e 
p o s s i b l e i m p r o v e m e n t s i n S I e n g i n e s . 
1.5.2 I m p r o v e m e n t s i n E n g i n e - T r a n s m i s s i o n M a t c h i n g 
A t y p i c a l C I e n g i n e map f o r a E u r o p e a n f o u i — c y l i n d e r s p a r k 
i g n i t i o n e n g i n e i s s h o w n i n F i g 1.6. i The i d e a l l i n e 
r e p r e s e n t s t h e l o c u s o f minimum s p e c i f i c f u e l c o n s u m p t i o n 
p o i n t s . F o r o ptimum f u e l economy t h e e n g i n e h a s t o r u n 
c l o s e t o t h i s l i n e . A number o f g e a r box d e s i g n s a r e 
p r o p o s e d t o i m p r o v e e n g i n e - t r a n s m i s s i o n m a t c h i n g l i k e m u l t i -
s p e e d m a n u a l o r a u t o m a t i c t r a n s m i s s i o n s w i t h o v e r d r i v e 
g e a r s ( 1 5 , 1 6 ) . I n o r d e r t o o b t a i n optimum e n g i n e o p e r a t i o n 
a t a l l c o n d i t i o n s o f l o a d a n d s p e e d a c o n t i n u o u s l y v a r i a b l e 
t r a n s m i s s i o n ( C V T ) m u s t be e m p l o y e d . Due t o t h e l a r g e 
number o f p r o p o s e d CVT d e s i g n s , t h e s e d r i v e s a r e d e s c r i b e d 
i n S e c t i o n 3. 
P r e d i c t i o n o f f u e l s a v i n g s , p o s s i b l e by b e t t e r e n g i n e -
t r a n s m i s s i o n m a t c h i n g , v a r y b e t w e e n 3 - 1 0 % ( 1 3 ) up t o 5 0 % 
( 1 7 ) . 
1.5.3 l a p r o v e m e n t s i n Engine C a n t r o l 
The c o n t r o l s y s t e m i s i n s e p a r a b l e f r o m t h e t y p e o f 
t r a n s m i s s i o n a n d , i n t h e c a s e o f e m p loyment o f 
e l e c t r o n i c a l l y c o n t r o l l e d g e a r b o x e s a n d c o n t i n u o u s l y 
v a r i a b l e t r a n s m i s s i o n s , t h e d i r e c t l i n k a g e s y s t e m b e t w e e n 
t h e a c c e l e r a t o r a n d t h e e n g i n e i s l i k e l y t o be r e p l a c e d by a 
c l o s e d l o o p c o n t r o l s y s t e m w h e r e some d r i v e r c h o i c e i s 
e l i m i n a t e d . The c l o s e d l o o p s y s t e m c o u l d l e a d t o 
o p t i m i s a t i o n o f t h e s p a r k t i m i n g a n d t h e m i x t u r e s t r e n g t h . 
F u r t h e r m o r e , f u e l c a n be c u t o f f d u r i n g i d l i n g a n d o v e r r u n 
c o n d i t i o n s e a c h o f w h i c h h a s a l r e a d y ^ b e e n a c h i e v e d 
s e p a r a t e l y i n v e h i c l e s l i k e t h e V o l k s w a g o n F o r m e l E c o n c e p t 
w i t h f u e l o f f a t i d l e ( 1 8 ) a n d A u s t i n R o v e r M a e s t r o 
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( f u e l o f f a t o v e r r u n ) w i t h problems of engine warm-up s o l v e d 
by t h e Volkswagon c o n t r o l s y s t e m where f u e l c u t - o f f a t i d l e i s 
o n l y performed on a warm engine. I t i s a l s o proposed t h a t 
t h i s c o n c e p t c a n l e a d t o f u e l s a v i n g s of up t o 30% i n urban 
d r i v i n g ( 1 8 ) . 
1.5.4 Improvements i n V e h i c l e C h a r a c t e r i s t i c s of Drag, 
WeigJlt. and R o l l i n g R e s i s t a n c e 
I n s u b s t i t u t i o n of t h e p r e s e n t m a t e r i a l s f o r l i g h t e r 
a l t e r n a t i v e s , c o n s i d e r a t i o n of t r a d i n g f u e l economy 
improvements does not o n l y i n c l u d e m a t e r i a l c o s t s but 
f a b r i c a t i o n c o s t s and t he amount of weight r e d u c t i o n a c h i e v e d 
by t h e s u b s t i t u t i o n . M a n u f a c t u r i n g c o s t s of a component i s 
u s u a l l y s e v e r a l t i m e s t h e bare m a t e r i a l c o s t s . Indeed the 
t r a n s i t i o n from m e t a l s t o p l a s t i c s which i s o c c u r i n g i n many 
p r o d u c t s i s m a i n l y due t o s u p e r i o r f a b r i c a t i o n c o s t s (19,20). 
Recent p r e d i c a t i o n s f o r t he n e a r term a r e t h a t the a p p l i c a t i o n 
of h i g h s t r e n g t h s t e e l , c a s t aluminium, p l a s t i c s and magnesium 
i n v e h i c l e s w i l l grow r e s u l t i n g i n weight s a v i n g s due t o 
m a t e r i a l s u b s t i t u t i o n of up t o 20% (1 9 , 2 0 ) . I t s h o u l d be 
noted t h a t t h e s e p r e d i c t i o n s a r e based on m a t e r i a l changes due 
t o c h a n g i n g e n e r g y s u p p l y and p r i c e s and i g n o r e f a c t o r s l i k e 
g overnmental p r e s s u r e . > 
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A l l major type m a n u f a c t u r e r s have been working on r e d u c i n g 
t y r e r o l l i n g r e s i s t a n c e . Most work i s c o n c e n t r a t e d on 
improved t r e a d and c a r c a s e d e s i g n ( 7 ) . Higher i n f l a t i o n 
p r e s s u r e s a l s o r e s u l t i n some b e n e f i t s . These improvements 
may be r e s t r i c t e d , however, by s a f e t y r e q u i r e m e n t s . 
G i v e n t h a t the s e a t i n g a t t i t u d e and p o s i t i o n of c a r o ccupants 
w i l l not change, n o t a b l e r e d u c t i o n s i n f r o n t a l a r e a a r e not 
l i k e l y . F u r t h e r r e d u c t i o n s i n a i r d r a g c o e f f i c i e n t , however, 
a r e a c h i e v a b l e by t i g h t e r c o n t r o l s on v e h i c l e s t y l i n g and 
b e t t e r a i r f l o w management. 
P r e d i c t i o n s of t h e combined e f f e c t of improvements i n drag, 
weight and r o l l i n g r e s i s t a n c e on v e h i c l e f u e l economy b e f o r e 
the t u r n of t h e c e n t u r y range from 6-8% (7) t o 20% (21) i n 
f u e l s a v i n g s . 
The f u e l s a v i n g p o t e n t i a l of the d e s c r i b e d improvements i n 
c o n v e n t i o n a l v e h i c l e d e s i g n i s e v a l u a t e d i n t h i s work by u s i n g 
'JANUS' (Durham U n i v e r s i t y V e h i c l e S i m u l a t i o n Package) 
d e s c r i b e d i n S e c t i o n 2. 
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F i g u r e 1.5 - A comparison of the a i r standard e f f i c i e n c y of 
the Otto and D i e s e l c y c l e s . 
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2. 1 Computer M o d e l l i n g of C o n v e n t i o n a l V e h i c l e s 
Durham U n i v e r s i t y s i m u l a t i o n package ' JAITUS' employs the 
a p p r o a c h shown i n F i g 2.1, i e s i m u l a t i o n i s i n an o p p o s i t e 
d i r e c t i o n t o power flow. I n o r d e r t o o b t a i n t h e f l e x i b i l i t y 
r e q u i r e d i n s i m u l a t i o n of d i f f e r e n t t y p e s of v e h i c l e s 
(eg e l e c t r i c , h y b r i d s , e t c ) d i f f e r e n t s u b r o u t i n e b l o c k s which 
r e p r e s e n t i n d i v i d u a l v e h i c l e components (and t h e i r e f f i c i e n c y 
v a r i a t i o n a t d i f f e r e n t c o n d i t i o n s of l o a d / s p e e d ) a r e assembled 
i n t o a m a s t e r program. I n u s i n g t h i s approach not o n l y 
d i f f e r e n t t y p e s of v e h i c l e c o u l d be s i m u l a t e d but a l s o the 
degree of output c o u l d be extended by the u s e r . The advantage 
o f t h i s t y p e o f s t r u c t u r e c a n be i l l u s t r a t e d by c o n s i d e r i n g 
t h e l a y o u t of t h e i n t e r n a l combustion engi n e d v e h i c l e shown 
s c h e m a t i c a l l y i n F i g 2.1 and t h e computer l i s t i n g of the 
m a s t e r program c a l l i n g t h e s o f t w a r e blocks' used, i n F i g 2.2. 
The names of t h e s u b r o u t i n e s a r e s e l e c t e d t o be s i m i l a r t o 
t h o s e of t h e components t h e y r e p r e s e n t t o s i m p l i f y program 
w r i t i n g . 
By employing a s i g n a l l i n g system, a t any p a r t i c u l a r p e r i o d of 
t h e run, a c e r t a i n s e c t i o n of the s u b r o u t i n e b l o c k i s 
employed. The s i g n a l s and t h e i r r e l e v a n t o p e r a t i o n a r e l i s t e d 
i n T a b l e 2.1 and t h e f l o w c h a r t of t h i s p r o c e s s i s shown i n 
F i g 2.3. I n t h e f i r s t i n p u t s e c t i o n of the s u b r o u t i n e 
(eg t r a n s m i s s i o n ) most of t h e I n i t i a l o p e r a t i n g c o n d i t i o n s 
c o u l d be s p e c i f i e d . I n o r d e r t o e v a l u a t e o t h e r i n i t i a l 
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o p e r a t i n g c o n d i t i o n s (eg t r a n s m i s s i o n w e i g h t ) , however, 
i n f o r m a t i o n from s u b r o u t i n e s f u r t h e r down the b l o c k ( F i g 2.2) 
may be r e q u i r e d . T h e r e f o r e a f t e r t h e f i r s t i n p u t s e c t i o n 
a n o t h e r p a s s round t h e b l o c k s ( i e second i n p u t s e c t i o n ) i s 
r e q u i r e d i n o r d e r t o e v a l u a t e t h e r e m a i n i n g i n p u t data. 
Having e s t a b l i s h e d t h e i n i t i a l o p e r a t i n g c o n d i t i o n s , the 
s i m u l a t i o n e n t e r s t h e f i r s t dynamic s e c t i o n , which d e t e r m i n e s 
t h e i n s t a n t a n e o u s r e q u i r e m e n t s and c o n d i t i o n s of each 
component, c o n s i d e r e d t o be independent of o t h e r components. 
I n some c a s e s ( l i k e wide open t h r o t t l e o p e r a t i o n d e s c r i b e d i n 
s e c t i o n 2 . 3 . 1 ) , however, i t e r a t i o n s around t h e b l o c k of 
s u b r o u t i n e s might be n e c e s s a r y , i n o r d e r t o r e a c h a s t e a d y 
s t a t e . T h e r e f o r e t h e s i g n a l i s kept i n t h i s mode u n t i l 
s t a b i l i t y i s a c h i e v e d . The second dynamic s e c t i o n w i l l then 
d e t e r m i n e t h e t o t a l e nergy r e q u i r e m e n t s and a v e r a g e e f f i c i e n c y 
of t h e component up t o t h a t time s t e p . The p r o c e s s i n the 
dynamic s e c t i o n i s r e p e a t e d f o r e a c h time s t e p , u n t i l the end 
of t h e d r i v i n g c y c l e i s reached. 
F i n a l l y t h e l a s t p a s s round t h e b l o c k of s u b r o u t i n e s i s the-
output s e c t i o n which p r o v i d e s t h e r e q u i r e d i n f o r m a t i o n from 
e a c h s u b r o u t i n e . 
Once a s i m u l a t i o n r u n has been completed, t h e c o n t r o l l i n g 
s o f t w a r e a l l o w s f u r t h e r r u n s t o be conducted w i t h a d i f f e r e n t 
i n i t i a l c o n d i t i o n . The s u b r o u t i n e b l o c k s used i n s i m u l a t i o n 
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of i n t e r n a l c o m b u s t i o n eng i n e d v e h i c l e s a r e d e s c r i b e d i n the 
f o l l o w i n g s e c t i o n s . 
2.2 ' V C 
T h i s s u b r o u t i n e r e p r e s e n t s the v e h i c l e body s p e c i f i c a t i o n s . 
The u s e r c a n e i t h e r s p e c i f y v e h i c l e weight, drag c o e f f i c i e n t , 
f r o n t a l a r e a and p a s s e n g e r / p a y l o a d weight data, or can s e l e c t 
one of the ' s t a n d a r d ' v e h i c l e s a v a i l a b l e f o r which the d a t a i s 
s t o r e d i n t he program. 
I n t h e former c a s e t h e weight of the v e h i c l e c a n be s p e c i f i e d 
m a n u a l l y ( i e i n p u t t h e body s h e l l weight and each power t r a i n 
component weight a s i t s s u b r o u t i n e i s c a l l e d ) or a l t e r n a t i v e l y 
t h e weight c o u l d be^ e v a l u a t e d a u t o m a t i c a l l y by the program 
a c c o r d i n g t o t h e v e h i c l e power r a t i n g . I t s h o u l d be noted 
t h a t when a component weight i s added, the subsequent i n c r e a s e 
of body s h e l l weight i s a l s o c o n s i d e r e d . The r e q u i r e d weight 
p r o p a g a t i o n f a c t o r (VPF) can be e i t h e r a u s e r i n p u t or a 
s t a n d a r d v a l v e of 35% i s used a s the d e f a u l t l e v e l . 
At t h e end of e a c h s i m u l a t i o n r u n t h i s s u b r o u t i n e o u t p u t s 
v e h i c l e body s p e c i f i c a t i o n and i f n e c e s s a r y weight of each 
component of t h e power t r a i n . 
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2.3 'DCYCLE' ( D r i v i n g Cycle) 
T h i s s u b r o u t i n e r e p r e s e n t s t h e d r i v i n g c o n d i t i o n s which the 
s i m u l a t e d v e h i c l e i s e x p e c t e d t o meet. The i n i t i a l i n p u t s t o 
th e s u b r o u t i n e a r e : 
1. Type of d r i v i n g c y c l e 
2. Time s t e p ( s e e s ) 
3. E n v i r o n m e n t a l c o n d i t i o n s . 
T h i s program c u r r e n t l y c o n t a i n s t w e l v e urban d r i v i n g c y c l e s , 
a v a r i a b l e s p e e d c r u i s e c y c l e and a wide open t h r o t t l e (WOT) 
a c c e l e r a t i o n t e s t c y c l e . The time s t e p v a l u e and 
e n v i r o n m e n t a l c o n d i t i o n s c o u l d be d e f a u l t e d t o the v a l u e s 
shown i n T a b l e 2.2. 
D r i v i n g dynamic o p e r a t i o n 'DCYCLE' d e t e r m i n e s average v e l o c i t y 
and a c c e l e r a t i o n d u r i n g the s p e c i f i e d time s t e p from the 
d r i v i n g c y c l e d a t a . At the end of ea c h r u n t h i s subi-outine 
o u t p u t s t h e p e r c e n t a g e of t o t a l time s p e n t i n each d r i v i n g 
mode ( i e a c c e l e r a t i o n , c r u i s e , e t c ) , t o t a l time, d i s t a n c e and 
a v e r a g e v e l o c i t y of t h e v e h i c l e over the d r i v i n g c y c l e . The 
o p e r a t i o n of WOT c y c l e , however, i s d i f f e r e n t . 
2.3.1 'VQT' (VQT A c c e l e r a t i o n T e s t ) 
The WOT a c c e l e r a t i o n t e s t s i m u l a t i o n ^ d i f f e r s w i t h the o t h e r 
d r i v i n g c y c l e s . The approach used i s shown i n F i g 2.4. . The 
i n i t i a l i n p u t s t o t h i s s u b r o u t i n e a r e : 
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1. I n i t i a l and f i n a l v e l o c i t y of t he v e h i c l e (MPH) 
2. E s t i m a t e d time t o r e a c h f i n a l v e l o c i t y ( s e e s ) . 
By u s i n g t h e e s t i m a t e d time i n p u t and assuming l i n e a r 
a c c e l e r a t i o n , t h e i n i t i a l a c c e l e r a t i o n r a t e i s e s t i m a t e d . 
The v e l o c i t y and a c c e l e r a t i o n r a t e a r e t h e n s u p p l i e d t o the 
wheels s u b r o u t i n e and f i n a l l y through t h e I C engine 
s i m u l a t i o n , where the power and r o t a t i o n a l speed r e q u i r e m e n t s 
a r e c h e c k e d a g a i n s t t h e f u l l t h r o t t l e l i n e of t h e engine 
c u r r e n t l y employed.. I f the power r e q u i r e m e n t i s w i t h i n 1% of 
th e l i m i t i n g ( F I ) power, the a c c e l e r a t i o n r a t e i s r e c o r d e d f o r 
t h a t time s t e p and from t h a t t h e new i n i t i a l v e l o c i t y ( f o r the 
next time s t e p ) i s e v a l u a t e d , I f the r e q u i r e d power does not 
c o r r e s p o n d t o t h e l i m i t i n g power, however, a s i g n a l i s s e n t 
back t o the WOT s u b r o u t i n e t o change the a c c e l e r a t i o n r a t e . 
I n a d d i t i o n t o t h e s i g n a l , t h e power developed (PE) and the 
l i m i t i n g power (PL) v a l u e s a r e a l s o s e n t back. The new 
a c c e l e r a t i o n r a t e i s e v a l u a t e d a s f o l l o w s : 
P E l = PE - (PR + PG + PD) (2.1) 
P L l = PL - (PR + PG + PD) (2.2) 
A c o l d = Ac (2.3) 
Ac = A c o l d * P L l / P E l (2.4) 
Acnew = Ac + 0.8* (Ac - Acold) (2.5) 
P L l and P E l r e f e r t o t h a t p a r t of l i m i t i n g (PL) and developed 
power (PE) s p e n t on a c c e l e r a t i o n , i e v a l u e s of power spent on 
r o l l i n g r e s i s t a n c e ( P R), g r a d i e n t (PG) and a i r d r a g (PD) a r e 
deducted from t h e t o t a l . 
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T h i s p r o c e s s (EQ 2.1 t o 2.5) i s r e p e a t e d u n t i l t h e demanded 
power and t h e l i m i t i n g power v a l u e s c o r r e s p o n d . 
At t h e end of e a c h s i m u l a t i o n r u n 'WOT' o u t p u t s i n i t i a l and 
f i n a l v e l o c i t i e s and t he minimum time r e q u i r e d by the v e h i c l e 
t o a t t a i n t h e f i n a l speed. 
2.3.2 A b i l i t y t o Reduce Vehicle Acceleration Rate 
Vhen En g i n e L i m i t i n g ( F . T . ) Power i s Exceeded 
I f a s m a l l e n g i n e d v e h i c l e i s d r i v e n over an urban c y c l e , 
d u r i n g a c e r t a i n p a r t of t h e c y c l e the power or speed 
r e q u i r e m e n t might e x c e e d the l i m i t i n g power or maximum speed 
of t h e engine. I n t h i s c a s e t h e v e h i c l e i s not a b l e t o f o l l o w 
t h e d r i v i n g c y c l e a s i t s t a n d s . I f t h i s o c c u r s a warning i s 
f l a g g e d t o t h e u s e r ' s VDU s c r e e n and the c y c l e v e l o c i t y and 
a c c e l e r a t i o n r e d u c e d u n t i l t h e maximum a l l o w a b l e engine ouput 
i s a t t a i n e d . T h i s way the v e h i c l e w i l l f o l l o w the performance 
i s rt(/^hed 
i t c a n a c h i e v e u n t i l a n o t h e r pointj|^in t h e d r i v i n g c y c l e which 
i t i s a b l e t o meet. The s i m u l a t i o n p r o c e s s employed i s 
s i m i l a r t o t h a t of t h e WOT o p e r a t i o n . F i g 2.5 shows t h e 
s t a n d a r d ECE-15 d r i v i n g c y c l e and t he c y c l e a c t u a l l y a c h i e v e d 
by a 15 KW e n g i n e d v e h i c l e . 
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2.4 'Mlififiia' 
The i n i t i a l i n p u t s t o t h i s s u b r o u t i n e a r e : 
1. wheel r a d i u s (m) 
2. e f f e c t i v e v e h i c l e weight i n c r e a s e 
due t o wheel i n e r t i a (KG)' 
The s u b r o u t i n e a l s o r e c e i v e s v e h i c l e d a t a from ' V C and 
d r i v i n g c o n d i t i o n s from 'DCYCLE' and e v a l u a t e s the road power 
and e n e r g y r e q u i r e m e n t s a s f o l l o w s : 
1. C a l c u l a t e s a i r d e n s i t y 
Da(Kg/m-^) = D15 * 288 * (2.6) 
(273+Te) 760 
where D15 i s the d e n s i t y of a i r a t 15'='C = 1.226 Kgm'"^  
2. E v a l u a t e s the t r a c t i n e e f f o r t (N) 
Due t o a i r d r a g 
TED = 0. 5 * Da * CD * A * (V+VV)=^^ (2.7) 
Due t o g r a d i e n t 
TEG = G * V (2.8) 
Due t o r o l l i n g r e s i s t a n c e 
TER = CR * V (2.9) 
Due t o a c c e l e r a t i o n 
TEA = Ac * (V + VIFR) (2.10) 
Wheel i n e r t i a i s c o n s i d e r e d a s an e f f e c t i v e weight i n c r e a s e i n 
a c c e l e r a t i o n and i s t h e r e f o r e i n c l u d e d i n the a c c e l e r a t i v e 
t r a c t i v e e f f o r t term. D u r i n g n o r m a l l o p e r a t i o n the t o t a l 
t r a c t i n e e f f o r t i s t h e r e f o r e : 
TE = TEA + TED + TER + TEG (2.11) 
- 25 -
During overrun conditions, however, the t o t a l t r a c t i n e e f f o r t 
a v a i l a b l e i s : 
TE = TEA - <TED + TER + TEG) 
3. Wheel torque and r o t a t i o n a l speed 
TORQW = TE * WR (2. 12) 
RW(RPM) = 9.549 * V/WR (2.13) 
4. And f i n a l l y , wheel power and energy requirements 
POVRV (V) = (2TT/60) * TORQV * RV <2.14) 
E = POVRV * H (2.15) 
At the end of each run 'wheels' print-out t o t a l motoring 
energy requirements with i t s components <ie a c c e l e r a t i v e , 
r o l l i n g r e s i s t a n c e , e t c ) over the d r i v i n g c y c l e . A graph of 
wheels power requirement against time i s a l s o a v a i l a b l e . 
2.5 'AXLE' ( F i n a ^ D r i v e ) 
The i n i t i a l inputs to t h i s subroutine are: 
1. F i n a l d r i v e type 
2. F i n a l d r i v e r a t i o . 
The user can e i t h e r s e l e c t one of the s i x f i n a l drive types 
a v a i l a b l e , Table 2.3, or input a constant e f f i c i e n c y . 
The p r i n c i p a l dynamic inputs to t h i s subroutine are wheels 
torque and r o t a t i o n a l speed (TDRQV.RV). As the f i n a l drive 
r a t i o i s known then the f i n a l d r i v e input speed can be 
evaluated. x 
RD = FDR » RV (2.16) 
- 26 
In order to determine fina-1 d r i v e input power i t s efficiency-
has to be determined. 
2.5.1 F i n a l D r i v e E f f i c i e n c y 
I f a constant e f f i c i e n c y f i n a l d r i v e type has been s e l e c t e d 
then input power i s evaluated as follows: 
POVRD = POVRV/EFFDRV (2.17) 
For spur gear or bevel-gear type f i n a l drive, however, the 
e f f i c i e n c y v a r i a t i o n with load and speed has been considered 
and input power i s determined by the i t e r a t i v e process of 
F i g 2.6 which employs equation 2.18 to evaluate power l o s s at 
the d i f f e r e n t i a l . 
-8 2.1 
PLOSS (V) = AK * POWED + 1.14 * 10 * RD (2.18) 
where AK = 0.02 for spur gear type 
AK = 0.05 for bevel gear type 
The reasons f o r s e t t i n g the churning loss, index at 2.1 are 
dis c u s s e d i n S e c t i o n 2.6.1. 
Once the power l o s s has been determined, the axle power 
requirement i s s e t to: 
POVRD = POWRV + PLOSS , (2.19) 
The e f f i c i e n c y of spur gear type f i n a l d r i v e c a l c u l a t e d by 
equation 2.18 f o r a range of input power and speed i s shown i n 
F i g 2.7. At completion of each run ''AXLE' outputs the t o t a l 
energy requirements and the d e c e l e r a t i v e energy a v a i l a b l e at 
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f i n a l d r i v e and i t s average e f f i c i e n c y during both modes of 
operation. 
2.6 'TRANS' ( T r a n s m i s s i o n ? 
I n i t i a l inputs to 'TRAFS' subroutine are as follows: 
1. Type of t r a n s m i s s i o n 
2. Number of gears 
3. The gear r a t i o s 
4. The speeds at which gear s h i f t s are required 
or the choice of optimum gear s h i f t i n g . 
The types of t r a n s m i s s i o n s a v a i l a b l e are manual gear box, 
automatic gear box, and continously v a r i a b l e transmissions. 
The l a t t e r are described i n d e t a i l i n Chapter 3. 
The user can s e l e c t from a two-speed to six-speed gear box. 
Six-speed t r a n s m i s s i o n s seem a p o s s i b l e progression to 
five-speed gear boxes c u r r e n t l y employed i n some v e h i c l e s . 
The gear s h i f t s sequence can e i t h e r be s p e c i f i e d or on default 
the program s p e c i f i e d 'standard' s h i f t s shown i n Table 2.3 are 
employed. I t should be noted that the f i r s t two s h i f t s ' 
v e l o c i t i e s are the standard s h i f t v e l o c i t i e s of ECE 15 d r i v i n g 
c y c l e ( F i g 2.8). D i f f e r e n t s h i f t speeds for down s h i f t i n g can 
a l s o be s p e c i f i e d . 
In a d d i t i o n the user can ask for optimum gear s h i f t i n g 
for f u e l economy, operation of which i s described i n 
S e c t i o n 2.6.2. 
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The p r i n c i p a l dynamic inpui; to 'TRANS' are axle input torque 
and r o t a t i o n a l speed (TORQD,RD). Once the gear r a t i o i s 
s e l e c t e d by one of the pre-described methods the transmission 
input speed can be determined as follows. 
RG = RD • GR (2.20) 
I t should be noted that, as the time taken during the gear 
s h i f t i s small compared with the t o t a l c y c l e time ( F i g 2.8), 
the s i m u l a t i o n assumes instantaneous gear changes. I n order 
to evaluate gear box input torque and power requirements, 
t r a n s m i s s i o n e f f i c i e n c y has to be evaluated. 
2.6.1 Gear Box E f f i c i e n c y 
Gear-box l o s s e s are e i t h e r load dependent as gear tooth and 
bearing s l i d i n g l o s s e s or speed dependent such as churning and 
windage l o s s e s . The gear box power l o s s model i s therefore a 
compromise between the load dependent and speed dependent 
l o s s e s . 
-8 2. 1 
PLOSS = Kl * K2 * POVRG + 1.14 * 10 * RG (2.20) 
where Kl and K2 are constants 
and K l = 0.02 , K2 = 1.0 for manual gear box 
Kl = 0.03 , K2 = 1.0 for automatic gear box. 
The K2 valve f o r the fourth gear ( d i r e c t d r i v e ) i s , however, 
reduced to 0.5 f o r the manual gear box. 
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The V Q 1 V G of the churning l o s s speed index has been assumed at 
2. 1 to obtain e f f i c i e n c y values t y p i c a l of those c i t e d i n the 
l i t e r a t u r e (22,23). The e f f i c i e n c y (non-direct drive) of a 
manual gear box c a l c u l a t e d by equation 2.20 i s shown i n 
F i g 2.9. 
In order to evaluate the input power to the gear box the 
i t e r a t i v e process of f i g u r e 2.10 i s used and once i t has 
converged 
POWRG = POWRD + PLDSS (2.21) 
On completion of each si m u l a t i o n run, 'TRANS' outputs the 
t o t a l energy r e q u i r e d and the d e c e l e r a t i v e energy a v a i l a b l e at 
the t r a n s m i s s i o n and the average e f f i c i e n c y during each of 
these modes. The gear s h i f t sequence over the d r i v i n g c y c l e 
i s a l s o a v a i l a b l e on request. 
2.6.2 'QPTGEAR' (Optimum-Gear) 
As mentioned e a r l i e r the user can ask for optimum gear 
s h i f t i n g . When 'OPTGEAR' i s u t i l i z e d the normal s h i f t 
sequence of 'TRANS' i s overriden and for each time step the-
optimum gear i s selected.. The c r i t e r i a f or s e l e c t i o n of the 
optimum gear i s the gear which would r e s u l t i n an engine speed 
c l o s e s t to the speed on the minimum s p e c i f i c f u e l consumption 
curve f o r that power l e v e l . F i g 2.IX shows the flow chart of 
'OPTGEAR'. I t r e c e i v e s transmission output torque and 
r o t a t i o n a l speed requirements. The output power i s divided by 
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an estimate of tran s m i s s i o n e f f i c i e n c y to give engine output 
power following which the i d e a l speed for that power l e v e l i s 
determined. Then f o r f i r s t gear the r e s u l t a n t engine speed i s 
evaluated and checked that i t i s wit h i n the range of engine 
operating speeds and that the required engine power i s below 
the f u l l t h r o t t l e power at t h i s speed. On f a i l i n g any of the 
described checks t h i s gear i s not se l e c t e d . T h i s process i s 
repeated f o r a l l the gears of the transmission and the gear 
r e s u l t i n g i n an engine speed c l o s e s t to the i d e a l speed i s 
s e l e c t e d . 
I t should be noted that during d e c e l e r a t i o n t h i s process i s 
not employed and normal s h i f t sequences of 'TRANS' i s 
employed. 
2. 7 'CQUPL' 
The i n i t i a l input to t h i s subroutine i s the type of coupling 
required. The types a v a i l a b l e are: 
1. F r i c t i o n c l u t c h 
2. Torque convertor with lock-up 
3. Torque convertor. 
Quite e v i d e n t l y , the reason f o r the lock-up i s to eliminate, 
above a c e r t a i n v e h i c l e speed, the hy d r a u l i c l o s s e s r e s u l t i n g 
from the slippage of convertor r o t a t i n g elements. Here, the 
non-lock-up s l i p i s s e t at 5%. F i g 2.12 shows the v a r i a t i o n 
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of the e f f i c i e n c y model with speed r a t i o for the c l u t c h and 
torque convertor. 
'COUPL' determines whether the input r o t a t i o n a l speed of the 
gear box i s below the engine's minimum operating speed and i f 
so s e t s engine speed to i t s minimum value. 'COUPL' a l s o 
determines the required engine output power as fallows. 
POWRE = POWRG/EFFCOP (2.22) 
At the end of each run i t p r i n t s out the average e f f i c i e n c y of 
coupling f o r both normal and d e c e l e r a t i v e modes of operation. 
2.8 'ICENG' ( I C E n g i n e ) 
The primary i n i t i a l ^ i n p u t s to t h i s subroutine are: 
1. IC Engine type ( i e s e l e c t i o n of fuel map) 
2. Engine maximum power (KV) 
3. Engine maximum speed (RPM) 
4. Minimum i d l e f u e l consumption ( l i t r e s / s e c ) 
5. Engine i n e r t i a (KGM^) 
6. Whether f u e l c u t - o f f during i d l e and/or 
overrun i s required. 
The p r i n c i p a l dynamic inputs to 'ICENG' are instantaneous 
engine speed and torque output requirements. 
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Engine I n e r t i a T o r q u e - L o s s 
As engine e f f i c i e n c y maps are obtained from steady-state load 
t e s t s to obtain net engine torque during an a c c e l e r a t i o n 
i n t e r v a l , the engine i n e r t i a torque l o s s must be added 
a l g e b r a i c a l l y to the output torque. As the engine i n e r t i a 
torque i s proportional to engine angular a c c e l e r a t i o n , i t i s 
determined as follows: 
TORQIN (NM) = 1 * a ( 2 . 2 3 ) 
where a (M/S^ "0 = 2JL * ARE/H ( 2 . 2 4 ) 
6 0 
Therefore 
TORQIN (NM) = 0 . 1 0 4 7 * I » (RE-REold)/H ( 2 . 2 5 ) 
where RE and REold represent engine speed at the present (n) 
and the previous (n-1) time steps. For the s t a r t of the 
c y c l e , the value of REold i s evaluated by c a l c u l a t i n g the 
engine speed corresponding to the i n i t i a l v e l o c i t y . 
The instantaneous s i m u l a t i o n of gear change (Section 2 . 6 ) 
r e s u l t s i n a st e p change i n engine speed. In order to prevent 
t r a n s l a t i o n of t h i s step change into a high and f a l s e torque 
l o s s , during the time step i n which gear s h i f t occurs, engine 
i n e r t i a torque l o s s i s neglected. T h i s can be J u s t i f i e d due 
to the u s u a l l y small e f f e c t of engine i n e r t i a on fue l economy. 
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Once the i n e r t i a torque l o s s i s evaluated, the torque and 
power developed by the engine are found as follows. 
TE (NM) = TORQE + TORQIN (2.26) 
and PE (W) = TE * RE * 2n/60 (2.27.) 
2.8.1 ' CHECK' 
Th i s subroutine checks that the power developed by the engine 
does not exceed f u l l t h r o t t l e power at that p a r t i c u l a r speed. 
I f so, a s i g n a l i s sent to 'DCYCLE' subroutine to reduce the 
v e h i c l e a c c e l e r a t i o n r a t e , and therefore f i n a l speed during 
the p a r t i c u l a r time step. T h i s subroutine a l s o checks that 
the engine speed demanded i s below the engine maximum speed, 
f a i l i n g which the s i m u l a t i o n d i s p l a y s a warning and stops. 
2.8.2 Engine Fuel Maps and 'SEARCH' 
The f u e l maps employed by JANUS are of the BMEP/Speed or 
Torque/Speed form. For computational purposes, the engine map 
data i s expressed by s t o r i n g the s p e c i f i c f u e l consumption 
values i n a matrix of up to 20 x 20 representing BMEP (or 
Normalised Torque) against normalised engine speed. The 
engine torque and speed are stored i n the normalised form to 
permit the engine map to be used with d i f f e r e n t power ra t i n g s . 
I t should be noted, however, that t h t s should be done with 
extreme caution u n l e s s experimental data from a range of 
engine s i z e s i s a v a i l a b l e . F i g 2.13 shows a t y p i c a l 
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40 Kw engine s t o r e d i n BMEP/speed format i n JANUS. By 
employment of the 'SEARCH' subroutine the f u e l consumption at 
any s p e c i f i c load and engine speed i s evaluated by 
i n t e r p o l a t i n g between the four s p e c i f i c f u e l valves adjacent 
to t h i s operating point. 
At low engine torques, the operating point may l i e below the 
f i r s t s e t of f u e l consumption data stored i n the map. I t i s 
then necessary to use as one the i n t e r p o l a t i o n points fu e l 
consumption at zero output torque and high engine speed. Such 
f u e l consumption values are determined by assuming the i d l e 
f u e l consumption to be i n c r e a s e d i n the r a t i o of operating 
speed to i d l e speed (24). 
When the v e h i c l e i s ^ s t a t i o n a r y or d e c e l e r a t i n g , f u e l 
consumption i s s e t equal to the i d l e f u e l consumption. In 
order to study the e f f e c t of f u e l c u t - o f f at i d l e or overrun 
conditions, the i d l e f u e l consumption can be s e t to zero. 
At the end of the c y c l e simulation, the t o t a l f u e l used i s 
c a l c u l a t e d - by adding up the f u e l usage values of each time 
step. 
2.8.3 Engine Usage Maps 
Another feature of the 'ICENG' subroutine i s that i t records 
the amount of time spent at each s p e c i f i c region of power and 
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speed requirement i n a matrix equal i n s i z e to that of engine 
f u e l map used. On completion of each run the engine usage 
map i s printed-out which d i s p l a y s the percentage of t o t a l 
time spent at each region of engine map during the c y c l e . 
Figure 2.14 shows the 40 Kw engine of F i g 4.13 and the fuel 
usage of a t y p i c a l c a r of t h i s power r a t i n g driven over the 





















C I . e . E N G I N E D VEHICLE SIMULATION 
C 
C *********** VEHICLE SUBROUTINE STRUCTURE *********** 
CALL V C C I F L A G ) 
C A L L D C Y C L E C V . A C , l O P M , E F F D T , I F L A G ) 












F i g u r e 2.2 - A l i s t o f 'JANUSIC' , the Master programme f o r 
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FIG 2.3 - continued. 
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s e t t = 0 
I n p u t V I , VF 
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POVRV, RV 
EFFDR = 0.9 
POVRD = POWR¥/EFFDR 
RD = FDR«RW 
Determine power l o s s 
from E q u a t i o n 2. 18 
POVRDl = POVRD + PLOSS 
POVRD =^  POVRDl 
4^ 
y e s 
POVRD = POVRDl 
No 
POVRD, RD 
F I G 2.6 - Spur or b e v e l g e a r type f i n a l d r i v e e f f i c i e n c y 
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y e s 
EFFGB 
POVRG = P 
= 0.9 
OVRD/EFFGB 
RG = C }R * RD 
POVRG = POVRGl 
Determine power l o s s 
from EQ 2.20 
N 
POWRGl = POWRD+PLOSS 
\ f 
PDWRG ^ POVRGl 
No 
POVRG,RG 
F I G 2.10 - P r o c e s s employed t o e v a l u a t e power l o s s i n 
c o n v e n t i o n a l gearbox by JAKTUS 
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PD.RD 
1 = 1 + 1 
[ PE = PG/EFFGB | 
Find the optimum speed 
corresponding t o t h i s 
power, i e ROPT 
—— 
Find engine speed 
i f i n i * - " ^ gear 
yes 
Find the d i f f e r e n c e between speed i n i * * " ' 
gear and the optimum speed 
Find the gear r e s u l t i n g i n an 
engine speed closest t o the optimum 
t 
Gear = K,GR=GE(K) 7 
Omit i * - - -
Omit i ^ ^ 
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I C EITGINE CHARACTERISTICS 
I C ENGINE PERFORMANCE LIMIT CURVE 
SPEED (RPM) TORQUE (NM) BMEP ( P S D POVER (KV) 
500 . 00 62. 41 90 . 00 3. 27 
750 . 00 69. 35 100 . 00 5. 45 
1000 . 00 69. 35 100 . 00 7. 26 
1500 . 00 76. 28 110 . 00 11. 98 
2000 . 00 83. 22 120 . 00 17. 43 
2500 . 00 83. 22 120 . 00 21. 78 
3000 . 00 90. 15 130 . 00 28. 32 
3500 . 00 90. 15 130 . 00 33. 04 
4000 . 00 83. 22 120 . 00 34. 85 
4500 . 00 83. 22 120 . 00 39. 21 
5000 . 00 76. 28 110 . 00 39. 93 































I C ENGINE PERFORMANCE MAP 
X-SPEED (RPM/1000); Y-BMEP(PSI); SFC-PTS/HP-HR 
130. 00 0. 00 0. 00 0. 00 0. 50 0. 49 0. 49 0. 50 0. 51 0. 50 0. 50 0. 52 
120. 00 0. 00 0. 55 0. 54 0. 50 0. 49 0. 49 0. 49 0. 49 0. 50 0. 50 0. 52 
110. 00 0. 57 0. 55 0. 54 0. 50 0. 48 0. 48 0. 48 0. 49 0. 50 0. 50 0. 52 
100. 00 0. 57 0. 55 0. 54 0. 50 0. 48 0. 48 0. 48 0. 49 0. 50 0. 50 0. 52 
90. 00 0. 57 0. 56 0. 54 0. 51 0. 49 0. 49 0. 48 0. 50 0. 51 0. 51 0. 53 
80. 00 0. 59 0. 57 0. 55 0. 52 0. 50 0. 51 0. 51 0. 51 0. 52 0. 53 0. 54 
70. 00 0. 62 0. 60 0. 57 0. 54 0. 53 0. 53 0. 53 0. 53 0. 54 0. 55 0. 56 
60. 00 0. 66 0. 64 0. 61 0. 57 0. 56 0. 56 0. 55 0. 56 0. 57 0. 58 0. 60 
50. 00 0. 83 0. 70 0. 66 0. 62 0. 60 0. 60 0. 60 0. 61 0. 62 0. 63 0. 65 
40. 00 1. 04 0. 88 0. 75 0, 69 0. 67 0. 66 0. 65 0. 66 0. 66 0. 69 0. 70 
30. 00 1. 30 1. 08 0. 85 0, , 82 0. , 78 0. 77 0. 78 0. 78 0, 80 0. 81 0. 84 
20. 00 1. 55 1. 38 1. 20 1. 02 1. 00 0. 98 1. 00 1. 00 1. 00 1. 00 1. 00 
10. 00 1. 83 1. 68 1. 54 1, , 36 1, 34 1. 30 1. 30 1. 30 1. 30 1. 30 1. 30 
0. 50 0. 75 1. 00 1, 50 2. 00 2. 50 3, 00 3. 50 4. 00 4. 50 5. 00 
F I G 2. 13 - A t y p i c a l BMEP/speed 40kw engine map. 
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X-SPEED (RPM/1000); Y-BMEP<PSI>; SFC-PTS/HP-HR 
130 00 0 00 0 00 0 00 0. 50 0 49 0 49 0 50 0 51 0 50 0. 50 0 52 
120 00 0 00 0 55 0 54 0. 50 0 49 0 49 0 49 0 49 0 50 0 50 0 52 
110 00 0 57 0 55 0 54 0. 50 0 48 0 48 0 48 0 49 0 50 0 50 0 52 
100 00 0 57 0 55 0 54 0. 50 0. 48 0 48 0 48 0 49 0 50 0 50 0 52 
90. 00 0 57 0 56 0. 54 0. 51 0. 49 0. 49 0 48 0 50 0 51 0 51 0 53 
80. 00 0. 59 0 57 0. 55 0. 52 0. 50 0. 51 0. 51 0. 51 0. 52 0 53 0 54 
70. 00 0. 62 0. 60 0. 57 0. 54 0. 53 0. 53 0. 53 0. 53 0. 54 0. 55 0. 56 
60. 00 0. 66 0. 64 0. 61 0. 57 0. 56 0. 56 0. 55 0. 56 0. 57 0. 58 0. 60 
50. 00 0. 83 0. 70 0. 66 0. 62 0. 60 0. 60 0. 60 0. 61 0. 62 0. 63 0. 65 
40. 00 1. 04 0. 88 0. 75 0. 69 0. 67 0. 66 0. 65 0. 66 0. 66 0. 69 0. 70 
30. 00 1. 30 1. 08 0. 85 0. 82 0. 78 0. 77 0. 78 0. 78 0. 80 0. 81 0. 84 
20. 00 1. 55 1. 38 1. 20 1. 02 1. 00 0. 98 1. 00 1. 00 1. 00 1. 00 1. 00 
10. 00 1. 83 1. 68 1. 54 1. 36 1. 34 1. 30 1. 30 1. 30 1. 30 1. 30 1. 30 
0. 50 0. 75 1. 00 1. 50 2. 00 2. 50 3. 00 3. 50 4. 00 4. 50 5. 00 
I C ENGINE FUEL USAGE MAP 
X-SPEED (RPM/1000); Y-BMEP(PSI); USAGE-% 
130. 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
120. 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
110. 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
100. 00 0 0 0. 0 0. 0 0. 0 0 0 0 0 0. 0 0 0 0 0 0. 0 0. 0 
90. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0 0 0. 0 0 0 0. 0 0. 0 0. 0 
80. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0 0 0. 0 0 0 0. 0 0. 0 0. 0 
70. 00 0. 0 0. 0 0. 0 0. 0 2. 6 1. 0 0. 0 0 0 0. 0 0. 0 0. 0 
60. 00 0. 0 0. 0 0. 0 0. 5 2. 6 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 
50. 00 0. 0 0. 0 0. 0 2. 0 1. 5 1. 5 0. 0 0. 0 0. 0 0. 0 0. 0 
40. 00 0. 0 0. 0 1. 0 2. 0 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
30. 00 0. 0 0. 0 1. 5 1. 0 1. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
20. 00 0. 0 0. 0 2. 0 0. 0 7. 1 7. 1 0. 0 0. 0 0. 0 0. 0 0. 0 
10. 00 0. 0 0. 0 0. 0 0. 0 3. 6 11. 7 0. 0 0. 0 0. 0 0. 0 0. 0 
0. 50 0. 75 1. 00 1. 50 2. 00 2. 50 3. 00 3. 50 4. 00 4. 50 5. 0( 
PERCENTAGE TIME AT ENGINE IDLE/OFF = 49.0 
PERCENTAGE TIME COMP. BRAKING = 13.8 
F I G 2.14 - E n g i n e usage map f o r a s m a l l c a r d r i v e n over ECE-15 
d r i v i n g c y c l e 
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S i g n a l 
(IFLAG) 
S u b r o u t i n e O p e r a t i n g 
S e c t i o n 
0 
1 
1 s t Input S e c t i o n 
2nd Input S e c t i o n 
2 
3 
1 s t Dynamic S e c t i o n 
2nd Dynamic S e c t i o n 
4 Output S e c t i o n 
TABLE 2.1 The s i g n a l l i n g s y s t e m used by JANUS f o r 
o p e r a t i o n a l f l e x i b i l i t y . 
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C o n d i t i o n S t a n d a r d Value 
Ambient p r e s s u r e (mm Hg) 760 
Ambient t e m p e r a t u r e (C'=') 15 
Head wind v e l o c i t y (mph) 0 
Road g r a d i e n t (%) 0 
Time s t e p ( s e e s ) 
Urban and c r u i s e c y c l e s 
VOT a c c e l e r a t i o n t e s t s 
1 
0.5 
TABLE 2.2 JANUS s t a n d a r d time s t e p and env i r o n m e n t a l 
c o n d i t i o n s . 
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F i n a l d r i v e t y p e E f f i c i e n c y (%) 
Spur g e a r 85-95 
B e v e l g e a r 85-95 
C h a i n d r i v e 98. 5 
Toothed b e l t 95 
VEE b e l t 92 
FLAT b e l t 95 
. .. .. J 
TABLE 2.3 Types of f i n a l d r i v e a v a i l a b l e i n 'JANUS' and 
t h e i r t y p i c a l a v erage c y c l e e f f i c i e n c y 
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Gear S h i f t S h i f t v e l o c i t y (mph) 
1 s t - 2 nd 10. 0 
2 nd 3 r d 21.7 
3 r d - 4 t h 33. 6 
4 t h -- - - 5 t h 44. 7 
5 t h 6 t h 67. 1 
TABLE 2.4 The s t a n d a r d s h i f t v e l o c i t i e s of JANUS 
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C H A P T E R T H R E E 
THE CASE FOR COHTIITUOUSLY VARIABLE TRANSMISSIONS <CVTs) 
3. 1 The Case F o r C o n t i n u o u s l y V a r i a b l e T r a n s m i s s i o n s 
The b r a k e s p e c i f i c f u e l consumption (BSFC) map of a t y p i c a l 
g a s o l i n e e n gine i s shown i n F i g 3.1, where i t may be s e e n t h a t 
t h e most e f f i c i e n t o p e r a t i o n of the engine i s a l o n g the l o c u s 
of i t s minimum BSFC p o i n t s r e p r e s e n t e d a s the i d e a l l i n e . 
T h i s i s o n l y a c h i e v e d i n modern v e h i c l e s i f engine speed i s 
p e r m i t t e d t o f l u c t u a t e r e l a t i v e t o r o a d speed. Optimum 
o p e r a t i o n of an engine a l o n g t h i s l o c u s r e q u i r e s a range of 
r o a d speeds t o be a v a i l a b l e f o r e a c h p o t e n t i a l power demand. 
T h i s i s p o s s i b l e o n l y by use of an e f f i c i e n t and wide range 
c o n t i n u o u s l y v a r i a b l e t r a n s m i s s i o n ( 2 5 , 2 6 ) . 
The power r a t i n g of t he engine c o u l d a l s o be reduced without a 
l o s s i n a c c e l e r a t i v e performance, because the CVT e n a b l e s the 
engine t o r u n a t peak power c o n t i n u o u s l y r a t h e r than 
f l u c t u a t i n g w i t h r o a d speed. The s m a l l e r engine i n c r e a s e s the 
engine l o a d f a c t o r , i n urban d r i v i n g , improving engine 
e f f i c i e n c y . E l e c t r i c v e h i c l e s a l s o b e n e f i t from a CVT t o 
m i n i m i s e s t a r t - u p c u r r e n t and p r o v i d e optimum power economy 
and r e g e n e r a t i v e b r a k i n g . F l y - w h e e l / h y b r i d v e h i c l e s a l s o 
r e q u i r e a CVT a s t h e f l y - w h e e l must be c o n s i d e r e d a f i x e d 
s p e e d range power s o u r c e f o r normal v e h i c l e o p e r a t i o n (27,28). 
Gas t u r b i n e automotive e n g i n e s have an even g r e a t e r need f o r a 
CVT. The s i n g l e - s h a f t gas t u r b i n e r e q u i r e s a wide r a t i o CVT 
i n o r d e r t o p r e v e n t engine s t a l l ( 2 9 ) . The t w i n - s h a f t gas 
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t u r b i n e a l s o r e q u i r e s a CVT i f p a r t l o a d f u e l economy i s to be 
improved t o p r e s e n t automotive s t a n d a r d s . 
I n a d d i t i o n t o c o n s i d e r a t i o n s of matching the e x i s t i n g 
c h a r a c t e r i s t i c s of e n g i n e s t o v e h i c l e r e q u i r e m e n t s , t h e r e i s 
the p o s s i b i l i t y of m o d i f y i n g engine c h a r a c t e r i s t i c s i n order 
t o t a k e f u l l advantage of t he CVT's f l e x i b i l i t y . Assuming 
t h a t t h e r a t i o s p r e a d of t he CVT i s broad enough, engine 
o p e r a t i n g speed c a n be r e s t r i c t e d t o a more l i m i t e d range than 
p r e s e n t and t h i s may a l l o w d e s i g n improvements i n su c h a r e a s 
a s t u r b o - c h a r g e r matching, b e t t e r c a r b u r e t t o r c h a r a c t e r i s t i c s 
and i n l e t and e x h a u s t v a l v e movement t i m i n g s . T h e r e f o r e , not 
o n l y i s i t p o s s i b l e t o use the CVT t o o p e r a t e a l o n g the l o c u s 
of minimum BSFC p o i n t s , but i t may a l s o be p o s s i b l e t o r e l y on 
o p e r a t i n g f l e x i b i l i t y of t r a n s m i s s i o n s , r a t h e r t h a n t h a t of 
e n g i n e s , and t h e r e b y improve the e f f i c i e n c y v a l u e s on the 
engine o p e r a t i n g map i t s e l f . 
3. 2 D e s i g n C o n s i c L e r a t i o n s 
An a c c e p t a b l e CVT must be e f f i c i e n t , q u i e t , c a p a b l e of 
adequate l i f e , c o s t c o m p e t i t i v e and c a p a b l e of automotive 
power. The CVT must a l s o have a wide r a t i o range. At any 
g i v e n v e h i c l e speed and f o r any r e q u i r e d power l e v e l a c e r t a i n 
g e a r i n g w i l l p r o v i d e maximum f u e l economy f o r a g i v e n engine. 
I n a d d i t i o n a t any v e h i c l e speed one t r a n s m i s s i o n r a t i o w i l l 
p e r m i t maximum a c c e l e r a t i o n w i t h t h a t engine. T h e r e f o r e , 
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i d e a l l y , a CVT s h o u l d be a b l e t o p r o v i d e both t r a n s m i s s i o n 
r a t i o s a t any v e h i c l e speed. T h i s r e q u i r e s a w i d e - r a t i o 
range. C a l c u l a t i o n s ( S e c t i o n 6.1.1) based on the assumption 
t h a t t h e CVT v e h i c l e s h o u l d have optimum o p e r a t i o n w h i l s t 
m a i n t a i n i n g t h e same low speed a c c e l e r a t i o n and a b i l i t y t o 
overcome g r a d e s a s the comparable c o n v e n t i o n a l v e h i c l e show 
t h a t CVT ge a r r a t i o s p e e d s of up to 10:1 a r e r e q u i r e d . I t 
s h o u l d be noted t h a t t h i s v a l u e depends h i g h l y on the type of 
eng i n e and t he v e h i c l e i n which CVT i s t o be employed. 
3. 3 B a s i c C p n c e p t s and P r i n c i p l e s of C o n t i n u p u s l y V a r i a b l e 
T r a n s m i s s i o n s 
Many a u t o m a t i v e CVT d e s i g n s have been proposed and a l a r g e 
number have been b u i l t , e i t h e r a s p r o t o t y p e s or a s p r o d u c t i o n 
v e r s i o n s . The b a s i c o p e r a t i o n and c h a r a c t e r i s t i c s of each a r e 
d e s c r i b e d here, 
3.3.1 H y d r o s t a t i c D r i v e s 
A h y d r o s t a t i c d r i v e t r a n s m i t s power through t h e use of hi g h 
p r e s s u r e o i l , t y p i c a l l y a t p r e s s u r e s up t o 350 bar ( 3 0 ) . The 
d r i v e c o n s i s t s of a swash p l a t e h y d r a u l i c pump and motor 
c o n n e c t e d t o g e t h e r by a c o u p l e of h y d r a u l i c l i n e s w i t h o t h e r 
h y d r a u l i c components s u c h a s c h e c k v a l v e s , r e l i e f v a l v e s and 
r e s e r v o i r . The pump c r e a t e s t h e h y d r a u l i c power and the motor 
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c o n v e r t s t h e h y d r a u l i c power t o m e c h a n i c a l power. The swash 
p l a t e i s a d i s c mounted o b l i q u e l y on a r o t a t i n g s h a f t 
( F i g 3.2) and around t h i s a x i s the p a r a l l e l c y l i n d e r s of the 
pump a r e d i s p o s e d . The r o t a t i n g swash p l a t e r u b s a g a i n s t the 
s l i p p e r s on t h e end of the p l u n g e r s . E a c h p i s t o n t h u s 
f u n c t i o n s t o c r e a t e a v o i d which f i l l s w i t h f l u i d d u r i n g 
o n e - h a l f r e v o l u t i o n and d i s c h a r g e s t h i s f l u i d d u r i n g the 
r e m a i n i n g h a l f r e v o l u t i o n . The amount of f l u i d d i s p l a c e d per 
r e v o l u t i o n i s dependent on t he s t r o k e and t h e r e f o r e on the 
swash p l a t e a n g l e . The i d e a l speed r a t i o (based on z e r o 
l e a k a g e and i n c o m p r e s s i b l e f l u i d ) f o r a h y d r o s t a t i c u n i t i s 
e v a l u a t e d a s f o l l o w s ( 3 0 ) . 
Speed R a t i o = Output speed = Pump d i s p l a c e m e n t 
Input speed Motor d i s p l a c e m e n t 
F o r example, by f i x i n g t h e motor a t t he f u l l d i s p l a c e m e n t of 
the pump, t h e speed r a t i o c a n be v a r i e d between -1 and +1 i f 
th e pump i s f u l l y r e v e r s i b l e . A d d i t i o n a l v e r s a t i l i t y c o u l d be 
g a i n e d i n employing a motor w i t h v a r i a b l e d i s p l a c e m e n t . The 
f u n c t i o n of pump and motor c a n a l s o be r e v e r s e d s u c h t h a t 
power i s t r a n s m i t t e d i n t h e r e v e r s e d i r e c t i o n . 
Due t o f l o w l o s s e s , good e f f i c i e n c y r a t i n g s a r e o n l y 
a c h i e v a b l e i n a r e l a t i v e l y narrow c o n v e r s i o n range. Although 
h y d r o s t a t i c CVTs a r e v e r y a d a p t a b l e and may have o t h e r 
a d v a n t a g e s s u c h a s t h e p o s s i b i l i t y of e l i m i n a t i n g the f i n a l 
d r i v e d i f f e r e n t i a l by employment of one h y d r a u l i c motor f o r 
ea c h d r i v e wheel, major d i s a d v a n t a g e s s u c h a s s i z e , weight. 
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and above a l l t h e i r r e l a t i v e l y poor e f f i c i e n c y have prevented 
t h e i r a p p l i c a t i o n i n the range of v e h i c l e s c o n s i d e r e d here 
(29, 30, 31) . 
3.3.2 H y d r o l s l n e t l c 
The t o r q u e c o n v e r t e r i s employed i n n e a r l y a l l modern 
a u t o m a t i c t r a n s m i s s i o n s , poor e f f i c i e n c y c h a r a c t e r i s t i c s have 
l i m i t e d the u s e f u l r a t i o range t o be l e s s t h a n adequate f o r a 
CVT ( s e e F i g 2 . 1 2 ) . 
3.3.3 E l e c t r i c CVT 
The b a s i c e l e c t r i c CVT c o n s i s t s of an e l e c t r i c motor, 
g e n e r a t o r c o m b i n a t i o n ( F i g 3 . 2 ) . The g e n e r a t o r c o n v e r t s 
m e c h a n i c a l power t o e l e c t r i c a l power which i s f e d t o the 
motor, which c o n v e r t s i t back t o m e c h a n i c a l power. Torque, 
v o l t a g e v a r i a t i o n s would be r e l a t i v e l y e a s y t o o b t a i n by 
v a r y i n g the g e n e r a t o r f i e l d v o l t a g e and r e g e n e r a t i v e b r a k i n g 
i s e a s i l y a c h i e v a b l e by r e v e r s i n g the r o l e s of the two 
e l e c t r i c machines. 
The main drawback of t h i s s i m p l e e l e c t r i c t r a n s m i s s i o n i s i t s 
low e f f i c i e n c y . Even though e l e c t r i c machines can be v e r y 
e f f i c i e n t a t t h e i r b e s t o p e r a t i n g p o i n t s , t h e e f f i c i e n c y w i l l 
drop t o u n a c c e p t a b l e l e v e l s a t speeds and l o a d s f a r removed 
from t h e s e p o i n t s . There i s the f u r t h e r problem t h a t s i z e and 
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weight of a p a i r of e l e c t r i c machines c a p a b l e of automotive 
power w i l l t e n d t o be e x c e s s i v e . 
3.3.4 K i n e m a t i c L i n k a g e s and O v e r r u n n i n g C l u t c h e s 
A s i m p l e example of t h i s t y p e of CVT i s the Zero-Max which i s 
c o m m e r c i a l l y a v a i l a b l e f o r l i g h t power i n d u s t r i a l a p p l i c a t i o n s 
( 3 1 ) . F i g 3.4 i l l u s t r a t e s t h e o p e r a t i n g p r i n c i p l e of a s i n g l e 
l i n k a g e ( f o u r t o e i g h t of s u c h l i n k a g e s a r e n o r m a l l y u s e d ) . 
The r o t a t i n g s h a f t on the r i g h t has an e c c e n t r i c f o r each 
l i n k a g e . T h i s c a u s e s the power l i n k a g e t o o s c i l l a t e . By 
employment of o v e r r u n n i n g c l u t c h e s , a one d i r e c t i o n a l and 
n e a r l y u n i f o r m r o t a t i o n of output s h a f t i s a c h i e v e d . The 
speed r a t i o i s changed by moving p o i n t A of the c o n t r o l l i n k . 
Based on t h i s b a s i c p r i n c i p l e , Power Matic Corp. a r e 
d e v e l o p i n g a more complex t r a n s m i s s i o n f o r automotive 
a p p l i c a t i o n ( 1 7 ) . The t r a n s m i s s i o n employs a v a r i a b l e throw 
c r a n k c o u p l e d t o a number of h y d r a u l i c r a t c h e t s (type of 
o v e r r u n n i n g c l u t c h ) . The d r i v e i s proposed t o p r o v i d e an 
o v e r a l l r a t i o s p r e a d of 12.5:1 a t f u l l l o a d and an o v e r a l l . 
e f f i c i e n c y of about 92-96%. I n s u f f i c i e n t e x p e r i m e n t a l d a t a i s 
made a v a i l a b l e , however, t o a l l o w f o r an adequate e v a l u a t i o n . 
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3.3.5 CVT Employing Non-CI rrnil a r G e a r s 
An a u t o m a t i v e CVT which employs n o n - c i r c u l a r g e a r s i s under 
development i n R o y a l M i l i t a r y C o l l e g e of Canada ( 3 2 ) . The 
t r a n s m i s s i o n i s proposed t o o p e r a t e a s f o l l o w s . The non-
c i r c u l a r g e a r s a r e d e s i g n e d t o g i v e v e l o c i t y r a t i o p r o f i l e s 
s i m i l a r t o t h o s e shown i n F i g 3.5, where VA and VB a r e the 
r a t i o s of t he s p e e d s of n o n - c i r c u l a r d r i v e n g e a r s A and B 
r e l a t i v e t o t he speed of the n o n - c i r c u l a r d r i v e r g e a r s , which 
r o t a t e a t c o n s t a n t speed. G e a r s A and B a r e connected to an 
a s y m m e t r i c a l d i f f e r e n t i a l , where t h e i r d r i v e r g e a r s a r e 
mounted on c o n c e n t r i c s h a f t s w i t h a c o n t r o l l e r t h a t can a l t e r 
t h e i r phase r e l a t i o n s h i p . The whole u n i t ( F i g 3.6) i s then 
named a " F u n c t i o n G e n e r a t o r " . The v e l o c i t y r a t i o of output of 
t h i s u n i t C i s dependent on the phase r e l a t i o n s h i p between the 
d r i v e r g e a r s and whether B or A i s l e a d i n g , which a r e s e t by 
t h e c o n t r o l l e r ( F i g 3 . 7 ) . I n e i t h e r c a s e , the phase s h i f t s 
a r e c o n s t r a i n e d t o t h a t f o r which the c o n s t a n t speed p o r t i o n 
i s 100'-' long. I n t h i s manner, t h e output of the d i f f e r e n t i a l 
i s s a i d t o be i n f i n i t e l y v a r i a b l e over the range 0?WC^2. To 
a c h i e v e c o n t i n u i t y , f o u r s u c h g e n e r a t o r s a r e s p a c e d a t 90'=' 
i n t e r n a l about a common s e t of d r i v e r g e a r s and by u s i n g a 
"programmed c l u t c h i n g system" e a c h g e n e r a t o r i s made a p a r t of 
t h e power p a t h o n l y when a c o n s t a n t speed p o r t i o n of the 
v e l o c i t y p r o f i l e i s b e i n g g e n e r a t e d . 
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The d e s i g n i s proposed t o p r o v i d e a k i n e m a t i c r a t i o range of 
<»: 1 t o 1:1 and an e f f i c i e n c y of 75-95% ( t h e o r e t i c a l 
e s t i m a t e s ) . There i s , a s y e t , no e x p e r i m e n t a l e f f i c i e n c y d a t a 
a v a i l a b l e f o r an adequate e d v a l u a t i o n of t h i s d e s i g n . 
3.3.6 T r a c t i o n D r i v e s 
T r a c t i o n d r i v e i s a t e r m a p p l i e d t o CVT c o n f i g u r a t i o n s which 
t r a n s m i t power through t h e c o n t i n u o u s a c t i o n of l u b r i c a t e d 
r o l l i n g c o n t a c t s . By changing the g e o m e t r i c r e l a t i o n s h i p of 
t h e t r a c t i o n p a r t s , t h e speed r a t i o i s changed i n a c o n t i n u o u s 
manner. T r a c t i o n d r i v e s have been a v a i l a b l e f o r many y e a r s 
( 3 3 ) , but were g e n e r a l l y c o n s i d e r e d i n c a p a b l e of automotive 
s u r f a c e p o l i s h and wear, and t h e r e f o r e a l i m i t e d l i f e and 
power c a p a b i l i t y . Recent developments i n t r a c t i o n f l u i d 
p r o p e r t i e s (34) have l e d t o v a r i o u s new and improved d e s i g n s 
f o r automotive a p p l i c a t i o n , t h e b a s i c c o n c e p t s of which a r e 
d i s c u s s e d here. 
The Cone and R i n g Design: The b a s i c c oncept i s shown i n 
F i g 3.8, where a r i n g i s moved back and f o r t h t o v a r y the 
speed r a t i o . A more s o p h i s t i c a t e d t r a n s m i s s i o n employing t h i s 
b a s i c p r i n c i p l e and c a p a b l e of automotive power, i s being 
d e v e l o p e d by Vadetec C o r p . ( 3 4 ) . Although t h e o r e t i c a l 
e s t i m a t e s of i t s e f f i c i e n c y (80-90%) a r e p r o m i s i n g and a r a t i o 
range of 0 t o 1:1 i s proposed, i n s u f f i c i e n t e x p e r i m e n t a l d a t a 
i s made a v a i l a b l e f o r adequate e v a l u a t i o n of t h i s d e s i g n . 
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T o r o i d a l D r i v e s : The b a s i c forms of t o r o i d a l d r i v e s a r e shown 
i n F i g 3.9. The d r i v e c o n s i s t s of a number of r o l l e r s which 
r o l l a g a i n s t a f a c i n g p a i r of t o r o i d a l l y s u r f a c e d d i s c s . The 
speed r a t i o i s changed by a l t e r i n g the r o l l e r a n g l e so a s t o 
v a r y t h e d i s t a n c e of t h e r o l l i n g c o n t a c t s from the d i s c c e n t r e 
l i n e s and t h u s t h e r e l a t i v e r o t a t i o n a l v e l o c i t y of the d i e s . 
The d i s c s a r e t h r u s t t o g e t h e r by an a x i a l f o r c e ( F i g 3.9) t o 
p r o v i d e the c o n t a c t normal f o r c e needed t o support the c o n t a c t 
t a n g e n t i a l f o r c e which t r a n s m i t s the torque from one d i s c v i a 
the r o l l e r s t o t h e o t h e r d i s c . The r e s u l t a n t r a t i o s p r e a d of 
the b a s i c c o n f i g u r a t i o n s a r e 12:1 f o r the o f f - c e n t r e 
arrangement and 9:1 f o r o n - c e n t r e d e s i g n . More e f f i c i e n t CVTs 
u s i n g t h i s b a s i c concept and c a p a b l e of automotive power have 
been d e v e l o p e d which a r e d i s c u s s e d i n S e c t i o n 3.6. 
3.3.7 Rubber V - B e l t D r i v e s 
T h i s type of CVT employs a V - b e l t t o t r a n s m i t power between 
two p u l l e y s whose d i a m e t e r c a n be v a r i e d ( F i g 3.10). When 
both p u l l e y s a r e made v a r i a b l e an o v e r a l l r a t i o range of about 
4:1 i s t y p i c a l l y a c h i e v e d . The b e l t - d r i v e was i n i t i a l l y 
employed i n v e r y s m a l l v e h i c l e s s u c h a s DAF and Snowmobiles 
( 3 1 ) . Recent developments i n b e l t d e s i g n (35,36) have l e d to 
i t s employment i n v e h i c l e s c a p a b l e of over 50 Kw power, such 
a s t h e Volvo 343, w i t h t r a n s m i s s i o n e f f i c i e n c i e s i n the range 
80-88% ( 3 7 ) . 
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3.3.8 C h a i n B e l t D r i v e s 
A r e c e n t development of V - b e l t d r i v e s i s t h e t r a n s m a t i c d r i v e 
( 3 8 ) . Here the c o n i c a l p u l l e y s a r e j o i n e d by a metal b e l t 
t r a n s m i t t i n g t o r q u e i n t h r u s t i n s t e a d of t e n s i o n . The b e l t i s 
composed of a number of wedge-shaped s t e e l b l o c k s which s l i d e 
f r e e l y on a bunch of superimposed t h i n gauge s t e e l bands. 
T h i s arrangement g u i d e s the s t e e l b l o c k s i n l i n e i n t o the 
p u l l e y groove and l e a d s them back on the s l a c k s i d e . Power i s 
t r a n s m i t t e d by the s t e e l b l o c k s c o n t a c t i n g e ach o t h e r a t t h e i r 
r o c k i n g edge. The b e l t i s t e n s i o n e d by h y d r a u l i c p r e s s u r e 
f o r c i n g t h e s l i d i n g b l o c k s a g a i n s t the f i x e d p u l l e y s . 
The t r a n s m i s s i o n i t s e l f c o n s i s t s a l s o of a c e n t r i f u g a l c l u t c h 
and a r e d u c t i o n g e a r between the engine and the v a r i a b l e u n i t 
i n o r d e r t o l i m i t t h e i n p u t speed t o the v a r i a b l e u n i t . The 
whole t r a n s m i s s i o n i s e n c l o s e d i n an aluminium c a s i n g and r u n s 
i n o i l . I t i s s u g g e s t e d t h a t the t r a n s m i s s i o n i s no b i g g e r 
t h a n a s t a n d a r d manual g e a r box, weighs about 10% l e s s than a 
c o n v e n t i o n a l a u t o m a t i c t r a n s m i s s i o n and t h a t the b a s i c u n i t . 
c o u l d be used w i t h power u n i t s between 1.0 and 2.3 l i t r e i n 
c a p a c i t y , w i t h the r e d u c t i o n g e a r and c a s i n g t o match ( 3 8 ) . 
The t r a n s m a t i c e f f i c i e n c y v a r i e s depending on the torque i n p u t 
and g e a r r a t i o and a p p r o a c h e s e f f i c i e n c i e s c l o s e t o t h a t of 
t h e manual gearbox. I n a d d i t i o n t h e p a r a l l e l but o f f - s e t 
i n p u t t o ouput s h a f t i s a u s e f u l f e a t u r e f o r the f r o n t wheel 
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d r i v e c a r s . Due t o t h e s e f a v o u r a b l e f e a t u r e s a number of 
motor m a n u f a c t u r e r s a r e c u r r e n t l y c o n s i d e r i n g i t s employment 
and one, FIAT, has announced i t s f u t u r e employment i n t h e i r 
UNO range ( 3 8 ) . 
3. 4 The Power S p l i t P r i n c i p l e 
C e r t a i n c o n t i n u o u s l y v a r i a b l e u n i t s (CVUs) o f f e r a wide r a t i o 
s p r e a d but poor e f f i c i e n c y r a t i n g s , s u c h a s H y d r o s t a t i c 
D r i v e s . Development of t h e s e t r a n s m i s s i o n s has t h e r e f o r e been 
d i v e r t e d t o the use of Power S p l i t P r i n c i p l e . F i g 3.11 shows 
t h e b a s i c c o n c e p t where o n l y a p a r t of the power i s s e n t 
t h r o u g h the CVU, the remainder of power going through the more 
e f f i c i e n t m e c h a n i c a l path, the two components a r e t h e n added 
i n a d i f f e r e n t i a l a t t he output of the t r a n s m i s s i o n . By 
s e n d i n g a lower amount of power through the CVU r a t h e r than 
a l l t h e i n p u t power i f i t were used a l o n e , the o v e r a l l 
t r a n s m i s s i o n e f f i c i e n c y i s improved. 
A s c h e m a t i c of a power s p l i t CVT which employs a p l a n e t a r y . 
d i f f e r e n t i a l i s shown i n F i g 3.12. Note the gear r a t i o s 
between t h e i n p u t s h a f t and the CVU i n p u t and a l s o between the 
CVU output and the output s h a f t . I n o r d e r t o reduce the 
f r a c t i o n of power g o i n g through the CVU, i t s torque needs t o 
be reduced. But t o s a t i s f y t h e t o r q u e b a l a n c e of the 
p l a n e t a r y d i f f e r e n t i a l , a r e l a t i v e l y l a r g e gear r a t i o (V3/V4) 
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i s needed. As t h i s g e a r r a t i o i n c r e a s e s , the e f f e c t of a 
g i v e n change i n CVU output speed on t r a n s m i s s i o n output speed 
d e c r e a s e s , r e s u l t i n g i n a lower r a t i o range. 
T h i s r e d u c t i o n c o u l d be compensated by h a v i n g a gearbox i n 
s e r i e s w i t h t h e CVT. The gearbox-CVT then becomes a wide 
r a t i o c o n t i n u o u s l y v a r i a b l e s y s t e m w i t h the CVT f i l l i n g i n the 
r a t i o gaps between g e a r s . T h i s however r e d u c e s the o v e r a l l 
e f f i c i e n c y and u n l e s s t h e e f f i c i e n c y i n c r e a s e s g a i n e d by 
P o w e r - S p l i t a r r a n g e m e n t s i s much g r e a t e r , the added c o m p l e x i t y 
i s of no a v a i l . 
3.4.1 Power R e c i r c u l a t i o n Mode i n C o n v e n t i o n a l 
Power S p l i t T r a n s m i s s i o n s 
Some power s p l i t t r a n s m i s s i o n s ( S e c t i o n 3.6.1) operate i n a 
power r e c i r c u l a t i v e mode d u r i n g a p a r t of t h e i r o p e r a t i o n 
u s u a l l y v e h i c l e s t a r t up. T h i s n o t i o n i s i l l u s t r a t e d i n 
F i g 3.13 which shows t h a t a f r a c t i o n of the power a t the 
output i s f e d back v i a t h e CVU t o the i n p u t s h a f t , t h i s c a u s e s 
the power g o i n g t h r o u g h t h e m e c h a n i c a l path t o be g r e a t e r than 
i n p u t power. R e c i r c u l a t i v e power s p l i t mode i s u s u a l l y 
employed o n l y a t t h e low power o p e r a t i o n s t o l i m i t the amount 
of power r e c i r c u l a t i o n which r e d u c e s t r a n s m i s s i o n e f f i c i e n c y . 
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3.5 R e g e n e r a t i v e ( I n v e r s e ) Power S p l i t D e s i g n s 
Here, through the use of d i f f e r e n t i a l g e a r i n g , the o v e r a l l 
r a t i o range i s expanded a t the expense of e f f i c i e n c y . The 
a p p l i c a t i o n of t h i s p r i n i c p l e i s , t h e r e f o r e , a t t r a c t i v e w i t h 
CVUs which o f f e r good e f f i c i e n c y c h a r a c t e r i s t i c s but a l i m i t e d 
r a t i o range s u c h a s t o r o i d a l t r a c t i o n d r i v e s . The concept i s 
shown i n F i g 3.14, where the d i f f e r e n t i a l sends a p a r t of the 
power from t h e CVU back t o the i n p u t s h a f t through the 
m e c h a n i c a l path. T h i s c a u s e s the power going through the CVU 
t o be g r e a t e r t h a n i f i t were used a l o n e . The h i g h e r t h a n 
i n p u t power g o i n g through the CVU produces a power l o s s 
g r e a t e r t h a n i f t h e CVU were used a l o n e . The r e d u c t i o n i n 
e f f i c i e n c y may be q u i t e s m a l l , however, w i t h a good d e s i g n and 
a s m a l l amount of power r e c i r c u l a t e d . 
F i g 3.15 shows a s c h e m a t i c of a r e g e n e r a t i v e power s p l i t 
t r a n s m i s s i o n . The arrangement i s i d e n t i c a l t o t h a t of 
F i g 3. 12 but f o r an e x t r a p a i r of g e a r s between the m e c h a n i c a l 
p a t h s h a f t and t h e i n p u t s h a f t , t h e purpose of which i s t o 
r e v e r s e t h e d i r e c t i o n of r o t a t i o n of the m e c h a n i c a l p a t h 
s h a f t . The t o r q u e b a l a n c e r e q u i r e m e n t s of the p l a n e t a r y 
d i f f e r e n t i a l , however, c o n s t r a i n the torque on t h a t s h a f t t o 
have t h e same s i g n a s t h a t of F i g 3.12, r e s u l t i n g i n power 
b e i n g t a k e n away from t h e d i f f e r e n t i a l . 
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An example of t h e use of t h i s p r i n c i p l e i s i n the 'LOW mode 
of o p e r a t i o n of B L P e r b u r y ( S e c t i o n 3.6.2) where the o v e r a l l 
r a t i o range of t h e b a s i c P e r b u r y u n i t i s i n c r e a s e d t o a l l o w 
f o r v e h i c l e s t a r t up. 
3.6 CVTs Employing Power S p l i t Arrangements 
3.6.1 Hydromechanlcal D r i v e s 
As d e s c r i b e d i n S e c t i o n 3.3.1, h y d r o s t a t i c d r i v e s p r o v i d e wide 
r a t i o s p r e a d but have poor e f f i c i e n c y c h a r a c t e r i s t i c s , due to 
t h i s f a c t o r , r e s e a r c h and development of t h i s t y p e of 
t r a n s m i s s i o n s have been d i v e r t e d t o the use of power s p l i t t i n g 
a rrangements. 
Hydromechanical t r a n s m i s s i o n s which use p l a n e t a r y g e a r i n g t o 
a c h i e v e power s p l i t t i n g d u r i n g a p a r t or a l l of t h e i r 
o p e r a t i o n s have been d e v e l o p e d by S u n s t r a n d (39) and 
Ors h a n s k e y (40) Corps, t h e most e f f i c i e n t of which i s the 
Or s h a n s k e y two-mode c o n f i g u r a t i o n shown s c h e m a t i c a l l y i n 
F i g 3.16. The 'LOW mode of o p e r a t i o n i s a r e c i r c u l a t i v e 
power s p l i t . The 'HIGH' mode of o p e r a t i o n i s a power s p l i t 
d e s i g n e d t o improve e f f i c i e n c y . The mode of o p e r a t i o n i s 
d e t e r m i n e d by a c l u t c h i n g arrangement a t the output of the 
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t r a n s m i s s i o n . The t r a n s i t i o n between the two modes i s only 
p o s s i b l e a t a s y n c h r o n o u s r a t i o . T h i s i s e v i d e n t from 
F i g 3.17 which shows t h e e f f i c i e n c y c h a r a c t e r i s t i c s of 
t h i s t r a n s m i s s i o n o v e r a range of i n p u t power and speed. 
Due t o weaknesses i n s u c h a r e a s a s weight, s i z e , c o s t and high 
n o i s e l e v e l , O r s h a n s k e y has commenced the development of a 
t h r e e - r a n g e h y d r o m e c h a n i c a l t r a n s m i s s i o n , the l o w e s t mode 
b e i n g p u r e l y h y d r o s t a t i c and t h e upper two modes of the s p l i t 
t o r q u e type. I t i s proposed t h a t t h i s d e s i g n would r e s u l t i n 
a more e f f i c i e n t CVT ( F i g 3.18) w i t h a s i z e and weight 
comparable t o c o n v e n t i o n a l a u t o m a t i c t r a n s m i s s i o n s ( 4 1 ) . 
3.6.2 B. L. Purb u r y T o r o i d a l T r a n s m i s s i o n 
The b a s i c CVU employed by t h i s t r a n s m i s s i o n i s a double s i d e d 
o n - c e n t r e t o r o i d a l d r i v e ( F i g 3 . 1 9 ) . The double s i d e d d e s i g n 
i s s e l e c t e d t o a v o i d t h e a p p l i c a t i o n of an a x i a l l o a d to 
t h r u s t t h e d i s c s t o g e t h e r . I n t h i s d e s i g n , the end d i s c s a r e 
mounted on a common s h a f t which, i n t e n s i o n , r e a c t s the 
a p p l i e d l o a d . The r a t i o range of the b a s i c double s i d e d u n i t 
i s about 5:1. I n o r d e r t o i n c r e a s e t h e r a t i o s p r e a d and 
u t i l i z e t h e b e s t e f f i c i e n c y o ver t h e whole o p e r a t i n g range, a 
two mode syn c h r o n o u s arrangement i s proposed ( 4 2 ) . The 'LOW 
mode i s a r e g e n e r a t i v e power s p l i t c o n f i g u r a t i o n ( F i g 3.20) 
which p r o v i d e s from about 5:1 r e d u c t i o n i n r e v e r s e through 
z e r o output ( n e u t r a l ) t o about 2.5:1 r e d u c t i o n . The 'HIGH' 
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mode ( w i t h no power s p l i t t i n g ) p r o v i d e s f o r speeds from about 
2.5:1 r e d u c t i o n t o 0.5:1 o v e r d r i v e ( F i g 3.21). 
The e f f i c i e n c y c h a r a c t e r i s t i c s of t h i s t r a n s m i s s i o n , which 
have been c o n f i r m e d by t e s t s , a r e shown i n F i g 3.22. The 
e f f e c t of t h e d i f f e r e n t power f l o w s on e f f i c i e n c y i s e v i d e n t . 
At low power l e v e l s , t h e 'LOW mode of o p e r a t i o n p r o v i d e s f o r 
e f f i c i e n c i e s h i g h e r t h a n t h a t which would be a c h i e v e d i f the 
b a s i c u n i t was used a l o n e . T h i s i s due t o the poor e f f i c i e n c y 
of t h e b a s i c u n i t a t t h e s e power l e v e l s , where r e c i r c u l a t i o n 
of power i n c r e a s e s t h e l o a d f a c t o r on t h e CVU and t h e r e f o r e 
l e a d s t o improvements i n e f f i c i e n c y . 
I n summary, t h e CVT combines a wide r a t i o s p r e a d w i t h 
p r o m i s i n g e f f i c i e n c y c h a r a c t e r i s t i c s . 
3.6.3 Cone R o l l e r T o r o i d a l D r i v e 
The b a s i c CVU i s an o f f - c e n t r e t o r o i d a l d r i v e w i t h cone 
r o l l e r s ( a s opposed t o t he Pe r b u r y d e s i g n which u s e s an 
o n - c e n t r e t o r o i d a l d r i v e w i t h d i s c r o l l e r s ) . The r o l l e r i s 
cone shaped i n o r d e r t o reduce s p i n l o s s e s and t h e r e f o r e 
s u r f a c e wear ( F i g 3 . 2 3 ) . The cone a n g l e s i s s e t so t h a t s p i n 
goes t o z e r o ( t a n g e n t l i n e s from t r a c t i o n c o n t a c t s i n t e r s e c t s 
a t t h e d r i v e c e n t r e l i n e ) a t or nea r the r a t i o extremes where 
t h e c o n t a c t f o r c e s a r e most s e v e r e ( 4 3 ) . T h i s arrangement has 
th e e f f e c t of making t h e d r i v e e f f i c i e n c y l e s s s e n s i t i v e to 
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t h e p o s i t i o n of r o l l e r s and t h e r e f o r e t o v a r i a t i o n s i n speed 
r a t i o . T h i s c a n be r e a d i l y s e e n by comparing t h e e f f i c i e n c y 
c h a r a c t e r i s t i c s of t h e b a s i c CRTD ( F i g 3.24) w i t h t h a t of the 
pure Purbury d r i v e ('HIGH' mode of o p e r a t i o n i n F i g 3.22). 
The b a s i c CRTD has been de v e l o p e d by E x c l e m a t i c I n c of USA 
( 4 3 ) , where a number of d e s i g n s embodying the b a s i c u n i t 
have been b u i l t and t e s t e d . The l a t e s t i s a r e g e n e r a t i v e 
power s p l i t , a s c h e m a t i c of which i s shown i n F i g 3.25. The 
v a r i a b l e speed output from t h e CRTD u n i t r o t a t e s the r i n g gear 
of t h e p l a n e t a r y d i f f e r e n t i a l . A f r a c t i o n of power i s f e d 
back t o t h e i n p u t of t h e t r a n s m i s s i o n v i a the sungear which 
r o t a t e s i n t h e o p p o s i t e d i r e c t i o n t o the r i n g gear. The 
p l a n e t c a r r i e r i s t h e t r a n s m i s s i o n output. 
The r e g e n e r a t i v e power s p l i t d e s i g n expands the r a t i o s p r e a d 
of t h e b a s i c d r i v e (from 6.48 r e d u c t i o n t o 0.54 i n o v e r d r i v e ) 
t o around 100:1 t o a l l o w f o r v e h i c l e s t a r t - u p ( 4 3 ) . 
T h e o r e t i c a l l y , t h e output speed c a n go t o zer o , however, an 
a u t o m a t i c c l u t c h i s engaged and disengaged a t 0.1-0.2 mph t o 
p r e v e n t e x c e s s i v e t o r q u e i n t he t r a n s m i s s i o n . The o v e r a l l 
e f f i c i e n c y c h a r a c t e r i s t i c s of both the c o n t i n u o u s l y v a r i a b l e 
u n i t and t he complete r e g e n e r a t i v e t r a n s m i s s i o n ( t h e s e a r e 
based on computer p r e d i c t i o n s and a r e c o r r e l a t e d t o t e s t d a t a ) 
a r e shown i n F i g 3.24. The CVT e f f i c i e n c y v a r i e s depending on 
th e power l e v e l and g e a r r a t i o and approaches e f f i c i e n c i e s 
c l o s e t o t h a t of t h e manual g e a r box. 
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3.7 CYT C o n t r p l 
T h e CVT n e e d s t o be c o n t r o l l e d s o t h a t t h e o u t p u t t o r q u e 
d e m a n d e d i s o b t a i n e d w i t h t h e e n g i n e o p e r a t i n g a t t h e m o s t 
e f f i c i e n t c o n d i t i o n t h a t w i l l p r o d u c e t h a t o u t p u t t o r q u e . 
T h i s i m p l i e s t h a t a s p e c i f i c CVT r a t i o i s r e q u i r e d f o r a g i v e n 
c o m b i n a t i o n o f d e s i r e d o u t p u t s p e e d a n d t o r q u e . The c o n t r o l 
a t t h e CVT i s t h e r e f o r e a r a t i o c o n t r o l , b u t a c o n t r o l s y s t e m 
l i k e a m i c r o p r o c e s s o r w i t h t r a n s d u c e r s i s a l s o r e q u i r e d t o 
c h o o s e t h e p r o p e r CVT r a t i o c o n t i n u o u s l y . R a t i o c o n t r o l 
s y s t e m s h a v e a l r e a d y b e e n d e v e l o p e d ( 3 9 , 4 0 ) f o r d i f f e r e n t 
t y p e s o f CVTs. 
The e n g i n e o p e r a t i n g s c h e d u l e ( i d e a l l i n e ) c a n be d e s c r i b e d b y 
t w o o f a n u m b e r o f p a r a m e t e r s s u c h a s s p e e d , t o r q u e , i n l e t 
m a n i f o l d p r e s s u r e o r c a r b u r e t t o r t h r o t t l e a n g l e . E n g i n e s p e e d 
a n d t h r o t t l e a n g l e a r e u s u a l l y s e l e c t e d a s b e i n g w e l l b e h a v e d 
a n d s e n s i t i v e f u n c t i o n s o f t h e i d e a l o p e r a t i n g l i n e . 
A d d i t i o n a l i n p u t s t o t h e m i c r o p r o c e s s e r a r e a c c e l e r a t o r p e d a l 
p o s i t i o n a n d CVT o u t p u t s p e e d . 
D r i v i n g o f s u c h a c a r c a n be d e s c r i b e d a s f o l l o w s . The 
c o n t r o l s y s t e m s e n s e s d r i v e r d e m a n d b y means o f a c c e l e r a t o r 
p e d a l p o s i t i o n w h i c h i s t r a n s l a t e d i n t o d e m a n d p o w e r t h r o u g h 
m u l t i p l i c a t i o n b y r o a d s p e e d . The c o n t r o l l e r w i l l t h e n s e t 
t h e e n g i n e t h r o t t l e p o s i t i o n a n d CVT r a t i o b a s e d o n t h e CVT 
o u t p u t s p e e d , t h e d e m a n d p o w e r a n d s t o r e d d a t a . 
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3.8 CVTs S e l e c t e d F o r S l m u l a t i n n 
T a b l e 3 . 1 s u m m a r i s e s t h e m o s t I m p o r t a n t c h a r a c t e r i s t i c s o f t h e 
CVTs r e v i e w e d . T h e CVTs s e l e c t e d f o r s i m u l a t i o n b a s e d o n 
t h e i r s t a t e o f d e v e l o p m e n t a n d a v a i l a b i l i t y o f e x p e r i m e n t a l 
e f f i c i e n c y d a t a a r e : 
( a ) T r a n s m a t i c ( c h a i n b e l t d r i v e ) 
( b ) O r s h a n s k e y HMT 
( c ) B L P e r b u r y d r i v e 
<d) CRTD 
The h y d r o s t a t i c a n d e l e c t r i c CVTs w e r e n o t s e l e c t e d d u e t o 
t h e i r m a j o r d r a w b a c k s d e s c r i b e d e a r l i e r . T h e n o n - c i r c u l a r 
g e a r CVT, t h e v a r i a b l e t h r o w c r a n k d r i v e a n d t h e n u t a t i n g 
t r a c t i o n d r i v e w e r e n o t s e l e c t e d d u e t o l a c k o f e x t e n s i v e 
e x p e r i m e n t a l e f f i c i e n c y d a t a . F i n a l l y t h e r u b b e r V - b e l t d r i v e 
was o m i t t e d a s t h e m o r e e f f i c i e n t t r a n s m a t i c was s e l e c t e d . 
3.9 T.VT' ( C o n t i n u o u s l y V a r i a b l e T r a n s m i s s i o n ) S i m u l a t i o n 
T h i s s u b r o u t i n e s i m u l a t e s t h e CVT a n d i t s c o n t r o l l e r . The 
i n i t i a l i n p u t s t o t h e CVT s i m u l a t i o n a r e a s f o l l o w s . 
1. T y p e o f CVT r e q u i r e d 
2. CVT d e c e l e r a t i o n s t r a t e g y . 
I n a d d i t i o n t o a c o n s t a n t e f f i c i e n c y CVT, t h e r e a r e f o u r t y p e s 
o f CVTs a v a i l a b l e . 
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T h e r e a r e t w o s t r a t e g i e s f o r CVT d e c e l e r a t i o n : 
1. L o c k u p w i t h f i x e d g e a r r a t i o , 
2. D e c e l e r a t i o n o p e r a t i n g l o c u s , 
t h e l a t t e r b e i n g a d e c e l e r a t i v e o p e r a t i n g c u r v e s u p p l i e d t o 
t h e c o n t r o l l e r . I n a d d i t i o n t o t h i s c u r v e t h e e n g i n e n o r m a l 
o p e r a t i n g c u r v e ( i e l o c u s o f m i n i m u m s p e c i f i c f u e l c o n s u m p t i o n 
p o i n t s ) i s a l s o s u p p l i e d t o t h i s s u b r o u t i n e b y t h e 'ICENG' 
s u b r o u t i n e . 
The p r i n c i p a l d y n a m i c i n p u t s t o t h e CVT s i m u l a t i o n a r e t h e 
t o r q u e a n d s p e e d r e q u i r e m e n t s o f t h e d i f f e r e n t i a l ( i e CVT 
o u t p u t c o n d i t i o n s ) . 
I n o r d e r t o e v a l u a t e t h e CVT i n p u t c o n d i t i o n s t h e CVT g e a r 
r a t i o a n d e f f i c i e n c y a r e r e q u i r e d a n d y e t f o r t h e e v a l u a t i o n 
o f t h e l a t t e r t h e i n p u t c o n d i t i o n s a r e n e e d e d ( F i g 3 . 2 6 ) . 
F o l l o w i n g c a r e f u l c o n s i d e r a t i o n i n t h i s w o r k t o o b t a i n t h e 
b e s t way o f o v e r c o m i n g t h i s s i m u l a t i v e p r o b l e m , t h e f o l l o w i n g 
m e t h o d s w e r e s e l e c t e d . 
3 . 9 . 1 F o r U r b a n a n d C r u i s e D r i v i n g C y c l e s 
T h e a s s u m p t i o n made h e r e i s t h a t t h e e n g i n e s p e e d RE w h i c h i s 
e n g i n e s c h e d u l e s p e e d f o r p o w e r p r o d u c e d b y e n g i n e POVRE 
( F i g s 3.26 & 3 . 2 7 ) e q u a l s t o RCV w h i c h i s t h e e n g i n e s c h e d u l e 
s p e e d c o r r e s p o n d i n g t o CVT i n p u t p o w e r POVRCV. I n o t h e r 
w o r d s , a s f a r a s t h e CVT s i m u l a t i o n i s c o n c e r n e d no p o w e r l o s s 
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d u e t o i n e r t i a o c c u r s i n t h e e n g i n e . B a s e d o n t h i s a s s u m p t i o n 
t h e CVT i n p u t p o w e r i s e v a l u a t e d ( t h e e v a l u a t i o n o f e f f i c i e n c y 
i s d i s c u s s e d l a t e r i n S e c t i o n 3 . 1 0 ) . 
PDVRCV = POWRD/EFFCVT ( 3 . 1 ) 
The CVT i n p u t s p e e d (RE) i s a s s u m e d t o be e q u a l t o t h e e n g i n e 
s c h e d u l e s p e e d f o r t h i s p o w e r l e v e l (RVC) . T h e s e CVT i n p u t 
c o n d i t i o n s ( i e POVRCV, RVC) a r e t h e n s u p p l i e d t o 'ICENG'. 
The a s s u m p t i o n o f n o e n g i n e i n e r t i a l o s s i s o b v i o u s l y c o r r e c t 
a s f a r a s c r u i s i n g c o n d i t i o n s a r e c o n c e r n e d , b u t may r e s u l t i n 
t w o t y p e s o f s i m u l a t i o n e r r o r s d u r i n g a c c e l e r a t i v e c o n d i t i o n s . 
T h e s e a r e : 
1. I n 'ICENG', t h e e n g i n e p o w e r p r o d u c e d i s e v a l u a t e d 
b y a d d i t i o n o f i n e r t i a p o w e r l o s s t o CVT i n p u t p o w e r 
( F i g 3 . 2 7 ) a n d f u e l c o n s u m p t i o n i s e v a l u a t e d f o r t h i s 
p o w e r (POVRE) a n d RCV, i n s t e a d o f a c t u a l e n g i n e 
s c h e d u l e s p e e d RE a n d t h e r e f o r e a d i s t a n c e a way f r o m 
t h e o p t i m u m f u e l c o n s u m p t i o n p o i n t . 
2. As i t w i l l be d i s c u s s e d l a t e r ( S e c t i o n 3 . 1 0 ) t h e 
e f f i c i e n c y o f some CVTs d e p e n d s o n t h e g e a r r a t i o 
d e m a n d e d a n d t h e r e f o r e a n e r r o r i n CVT i n p u t s p e e d 
means a n e r r o r i n g e a r r a t i o a n d s u b s e q u e n t l y i n CVT 
e f f i c i e n c y . 
T h e e r r o r s d e s c r i b e d a r e n c g l l g a b l e , h o w e v e r , w h e n c o n s i d e r i n g 
t h e r e l a t i v e l y l o w a c c e l e r a t i o n r a t e s a s s o c i a t e d w i t h u r b a n 
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d r i v i n g c y c l e s . F u r t h e r m o r e , e n g i n e o f a CVT v e h i c l e w i l l be 
o p e r a t i n g a t a c o n s t a n t s p e e d a t t h o s e l o w e r p o w e r l e v e l s 
( s e e t h e e n g i n e map s h o w n i n F i g 3 . 1 ) . I n w h i c h c a s e , RCV a n d 
RE w i l l b o t h b e e q u a l t o t h i s c o n s t a n t s p e e d a n d t h e e r r o r s 
d i s c u s s e d n o n - e x i s t e n t . 
D u r i n g h i g h a c c e l e r a t i o n r a t e s a s s o c i a t e d w i t h w i d e o p e n 
t h r o t t l e (WOT) d r i v i n g , t h e e n g i n e i n e r t i a t o r q u e l o s s i s 
c o n s i d e r a b l e a n d t h e a s s u m p t i o n made h e r e w o u l d r e s u l t i n 
l a r g e s i m u l a t i o n e r r o r s . T h e r e f o r e a d i f f e r e n t a p p r o a c h f o r 
t h i s o p e r a t i o n i s r e q u i r e d w h i c h i s d i s c u s s e d i n t h e n e x t 
s e c t i o n . 
3 .9.2 VQT A c c e l e r a t i o n O p e r a t i o n 
D u r i n g WOT a c c e l e r a t i o n t h e CVT p r o v i d e s i t s l o w e s t p o s s i b l e 
g e a r i n g t i l l m a ximum e n g i n e p o w e r i s a t t a i n e d a f t e r w h i c h b y 
c o n t i n u o u s l y v a r y i n g CVT g e a r r a t i o t h e e n g i n e i s k e p t a t t h e 
s p e e d c o r r e s p o n d i n g t o maximum p o w e r . Some t y p e s o f CVT, 
h o w e v e r , b y u s i n g r e g e n e r a t i v e p o w e r s p l i t p r i n c i p l e s , c a n 
p r o v i d e g e a r r a t i o s o f u p t o 8 0 : 1 f o r v e h i c l e s t a r t u p 
( S e c t i o n 3 . 6 . 3 ) . I f s u c h g e a r r a t i o s a r e u s e d a t h i g h e r p o w e r 
l e v e l s t h e p o w e r r e c i r c u l a t e d i n t h e CVT w o u l d be g r e a t e r t h a n 
i t c a n h a n d l e . T h e r e f o r e a t o r q u e l i m i t i s u s u a l l y s e t i n CVT 
c o n t r o l ( 4 2 ) t o r e s t r i c t s u c h h i g h g e a r r a t i o s t o v e h i c l e 
s t a r t u p a n d l o w p o w e r l e v e l s . To s i m u l a t e t h i s e f f e c t h e r e , 
d u r i n g v e h i c l e s t a r t u p t h e CVT i s a l l o w e d t o p r o v i d e t h e s e 
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h i g h g e a r r a t i o s u n t i l e n g i n e i d l i n g s p e e d i s r e a c h e d a f t e r 
w h i c h t h e g e a r r a t i o i s l i m i t e d t o t h e h i g h e s t g e a r r a t i o 
e m p l o y a b l e a t a l l p o w e r l e v e l s n a m e l y 5 : 1 f o r B L P e r b u r y a n d 
4 : 1 f o r t h e HMT. T h e r e f o r e i n WOT a c c e l e r a t i o n s i m u l a t i o n t h e 
CVT c a n u s e t h e s e h i g h r e g e n e r a t i v e g e a r r a t i o s t i l l e n g i n e 
i d l i n g s p e e d i s a c h i e v e d . A f t e r t h i s , h o w e v e r , t h e CVT i s 
l o c k e d i n t o i t s l o w e s t f u l l l o a d g e a r u n t i l maximum e n g i n e 
o p e r a t i n g s p e e d i s o b t a i n e d , a f t e r w h i c h t h e g e a r r a t i o i s 
r e d u c e d c o n t i n u o u s l y t o k e e p t h e e n g i n e a t t h i s s p e e d . The 
i n p u t c o n d i t i o n s t o t h e CVT a r e d e t e r m i n e d , t h e r e f o r e , a s 
f o l l o w s . 
( a ) B e f o r e e n g i n e i d l i n g s p e e d i s a c h i e v e d 
RE = R i d l e ( 3 . 2 ) 
a n d CVTGR = RE/RD ( 3 . 3 ) 
( b ) A f t e r e n g i n e i d l i n g s p e e d i s a t t a i n e d t i l l maximum 
e n g i n e s p e e d i s a c h i e v e d 
CVTGR = CVGRH ( 3 . 4 ) 
RE = CVTGR * RD ( 3 . 5 ) 
w h e r e CVGRH = t h e h i g h e s t g e a r r a t i o p o s s i b l e a t a l l 
p o w e r l e v e l s . 
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( c ) Once maximum e n g i n e i s a t t a i n e d a n d t h e r e a f t e r 
RE = REMAX ( 3 . 6 ) 
a n d CVTGR = RE/RD ( 3 . 3 ) 
Once CVT i n p u t s p e e d a n d g e a r r a t i o i s d e t e r m i n e d i t s 
e f f i c i e n c y c o u l d be d e t e r m i n e d ( S e c t i o n 3 . 1 0 ) a n d s o t h e CVT 
i n p u t p o w e r i s e v a l u a t e d b y : 
POVRCV = POVRD/EFFCVT ( 3 . 1 ) 
D u r i n g WOT a c c e l e r a t i o n t h e v e h i c l e e m p l o y i n g t h e CVT f o l l o w s 
t h e e n g i n e o p t i m u m o p e r a t i n g s c h e d u l e ( F i g 3 . 2 8 ) a n d n o t t h e 
f u l l t h r o t t l e l i n e f o l l o w e d b y c o n v e n t i o n a l v e h i c l e s . T h i s 
r u l e i s f o l l o w e d i n t h e VOT s i m u l a t i o n o f v e h i c l e w i t h CVT a n d 
i s t h e o n l y d i f f e r e n c e b e t w e e n t h i s s i m u l a t i o n a n d t h e VOT 
s i m u l a t i o n o f c o n v e n t i o n a l v e h i c l e s h o w n i n F i g 2.4. 
3.10 CVT E f f i c i e n c y S i m u l a t i o n 
T h e o b j e c t i v e h e r e was t o s t o r e t h e e f f i c i e n c y d a t a i n a 
f l e x i b l e f o r m a t s o t h a t i t c o u l d be u t i l i z e d f o r a r a n g e o f . 
v e h i c l e s . 
3 . 1 0 . 1 B L P e r b u r y D r i v e 
A t f i r s t t h e e f f i c i e n c y d a t a o f F i g 3.22 was s t o r e d i n a 
m a t r i x c o r r e s p o n d i n g t o p e r c e n t a g e o f maximum p o w e r a g a i n s t 
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p e r c e n t a g e o f v e h i c l e maximum r o a d s p e e d . T h i s m e t h o d d i d 
n o t , h o w e v e r , c o n s i d e r t h e v a r i a t i o n i n c o n s t a n t s y n c h r o n o u s 
a n d m aximum o v e r d r i v e r a t i o l i n e s p o s s i b l e b y v a r i a t i o n o f 
f i n a l d r i v e r a t i o o r e n g i n e o p e r a t i n g s c h e d u l e o f d i f f e r e n t 
v e h i c l e s ( F i g s 3.29 a n d 3.30 r e s p e c t i v e l y ) . I t was d e c i d e d , 
t h e r e f o r e , t h a t t h i s m e t h o d d o e s n o t p r o v i d e t h e r e q u i r e d 
f l e x i b i l i t y f o r s i m u l a t i o n o f a r a n g e o f d i f f e r e n t e n g i n e s a n d 
v e h i c l e s . 
F o l l o w i n g c a r e f u l s t u d y a s t o t h e b e s t m e t h o d o f s t o r i n g t h e 
e f f i c i e n c y d a t a i t was c o n c l u d e d t h a t t o g i v e t h e b e s t 
a c c u r a c y a n d f l e x i b i l i t y t h e d a t a s h o u l d be s t o r e d i n a m a t r i x 
c o r r e s p o n d i n g t o p e r c e n t a g e o f p o w e r t o r o a d w h e e l s a g a i n s t 
CVT g e a r r a t i o . T h i s r e q u i r e d t r a n s l a t i o n o f a x e s o f F i g 3.22 
i n t o CVT i n p u t a n d o u t p u t s p e e d w h i c h i n c o r p o r a t e d a n u m b e r o f 
p r o b l e m s . F o r t r a n s f o r m a t i o n o f X - a x i s i n t o CVT o u t p u t s p e e d 
t h e f i n a l d r i v e r a t i o a n d w h e e l r a d i u s o f t h e t e s t v e h i c l e 
u s e d i n r e f e r e n c e 42 w e r e r e q u i r e d , w h i c h w e r e n o t a v a i l a b l e . 
I n t h e c a s e o f t h e Y - a x i s t h e e n g i n e o p e r a t i n g s c h e d u l e was 
a l s o n o t a v a i l a b l e a n d f u r t h e r m o r e t h e a x i s r e f e r s t o CVT 
o u t p u t p o w e r a n d n o t i n p u t p o w e r w h i c h i s r e p r e s e n t e d b y t h e 
o p e r a t i n g s c h e d u l e . T h e p r o b l e m was s o l v e d a s f o l l o w s . On 
t h e c o n s t a n t g e a r r a t i o l i n e s i n F i g 3.22 t h e b o t t o m s e c t i o n s 
( b e l o w a b o u t 9% p o w e r ) r e f e r t o a c o n s t a n t CVT i n p u t s p e e d . 
As t h i s i s t h e s p e e d f o r l o w p o w e r l e v e l s i t was a s s u m e d t o be 
a t 1 0 0 0 r p m . As t h e s y n c h r o n o u s r a t i o was k n o w n ( 2 . 5 : 1 ) t h e 
CVT o u t p u t s p e e d was f o u n d ( 4 0 0 r p m ) a n d b y c o r r e l a t i n g t h i s 
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s p e e d t o i t s r e s p e c t i v e l i n e a r v a l u e ( F i g 3 . 3 1 ) , t h e X - a x i s o f 
F i g 3 . 2 2 c a n b e t r a n s l a t e d i n t o r o t a t i o n a l s p e e d . T h i s 
r e s u l t s i n a m a ximum o v e r d r i v e r a t i o o f a b o u t 0 . 4 5 : 1 . S i n c e 
CVT o u t p u t s p e e d a n d i n p u t s p e e d ( b e l o w 9% p o w e r l e v e l ) a r e 
k n o w n a n d a s t h e c o n s t a n t g e a r r a t i o l i n e s f o l l o w t h e p a t t e r n 
o f t h e e n g i n e o p e r a t i n g c u r v e a n d a r e t h e r e f o r e p a r a l l e l , 
o t h e r c o n s t a n t g e a r r a t i o l i n e s c o u l d be d r a w n a s s h o w n i n 
F i g 3 . 3 1 . The v a l i d i t y o f t h e a s s u m p t i o n s made i s p r o v e n 
s i n c e t h e r e s u l t i n g 1:1 c o n s t a n t g e a r r a t i o l i n e i s t h e l o c u s 
o f m a x i mum e f f i c i e n c y l o o p s . T h e s p i n l o s s e s a p p r o a c h t h e i r 
m i n i m u m v a l u e a t t h i s r a t i o d u e t o t h e g e o m e t r y o f t h e b a s i c 
P e r b u r y u n i t ( 3 3 ) . 
I n o r d e r t o a c h i e v e t h e f l e x i b i l i t y r e q u i r e d t o e n a b l e 
v a r i a t i o n s o f t h e s y n c h r o n o u s r a t i o , f u r t h e r m o d i f i c a t i o n s 
w e r e n e c e s s a r y . T h i s was o b t a i n e d b y e x t e n d i n g b o t h t h e 
' l o w ' a n d ' h i g h ' r e g i m e e f f i c i e n c y maps b e y o n d t h e r a n g e s h o w n 
i n F i g 3 . 2 2 . T h e r e s u l t a n t maps f o r e a c h r e g i m e a r e s h o w n i n 
F i g 3 . 3 2 . N o t e t h a t t h e s y n c h r o n o u s r a t i o i s l i m i t e d t o 3 : 1 
w h i c h i s a n i n h e r e n t l i m i t a t i o n i n t h e P e r b u r y u n i t . 
A l s o n o t e t h a t t h e maximum r e d u c t i o n r a t i o i s 5 : 1 . To o b t a i n 
t h e CVT e f f i c i e n c y a t g r e a t e r r e d u c t i o n r a t i o s ( e n c o u n t e r e d , 
f o r e x a m p l e , w h e n m o v i n g a w a y f r o m ' g e a r e d n e u t r a l ' ) , a l i n e a r 
i n t e r p o l a t i o n b e t w e e n t h e e f f i c i e n c y o f t h e maximum r e d u c t i o n 
r a t i o a n d a n a s s u m e d e f f i c i e n c y o f z e r o a t n e u t r a l t a k e s 
p l a c e . T h i s m e t h o d i s u s e d f o r : a l l t h e CVTs s i m u l a t e d . 
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T h e p r o c e s s e m p l o y e d t o f i n d t h e e f f i c i e n c y o f P e r b u r y a t a n y 
c o n d i t i o n o f l o a d a n d s p e e d i s s h o w n i n F i g 3 . 3 3 , w h e r e EFFMAX 
i s t h e maximum e f f i c i e n c y o f t h e P e r b u r y a t maximum p o w e r 
w h i c h i s a b o u t 9 0 % ( s e e F i g 3 . 2 2 ) a n d CVTSCR i s t h e 
s y n c h r o n o u s r a t i o d e p e n d i n g o n w h i c h 'LOW o r 'HIGH' r e g i m e 
maps a r e s e a r c h e d f o r e f f i c i e n c y . 
3. 1 0 . 2 H M T 
The e f f i c i e n c y d a t a o f t h i s t r a n s m i s s i o n s h o w n i n F i g 3.17 was 
t r a n s l a t e d i n t o t h e d e s i r e d f o r m a t ( i e n o r m a l i s e d p o w e r v e r s u s 
g e a r r a t i o ) b y d i v i d i n g b y t h e r a t e d p o w e r a t 100 h p ( 4 4 ) . 
The e f f i c i e n c y d a t a a t t h i s p o w e r l e v e l , h o w e v e r , a r e n o t 
a v a i l a b l e a n d a r e a s s u m e d t o f o l l o w t h e same p a t t e r n a s t h e 
60 h p c u r v e b u t a l o w e r e f f i c i e n c y , t h e d i f f e r e n c e i s a s s u m e d 
t o b e t w i c e t h e d i f f e r e n c e b e t w e e n 6 0 a n d 40 h p l e v e l s . F o r 
e v a l u a t i o n o f HMT e f f i c i e n c y a t h i g h e r g e a r r a t i o s t h a n t h a t 
s h o w n t h e e f f i c i e n c y c u r v e s o f F i g 3.17 w e r e e x t e n d e d i n a 
f a s h i o n s i m i l a r t o F i g 3.18. T h e r e s u l t a n t e f f i c i e n c y map i s 
s h o w n i n F i g 3.34 w h i c h c o r r e s p o n d s t o n o r m a l i s e d p o w e r v e r s u s 
g e a r r a t i o . F o r e v a l u a t i o n o f CVT e f f i c i e n c y a t a n y c o n d i t i o n 
o f l o a d a n d s p e e d f r o m t h i s map, t h e same i t e r a t i v e p r o c e s s a s 
e m p l o y e d f o r P e r b u r y ( F i g 3 . 3 3 ) i s u s e d . 
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3. 10. 3 C. R. T. D. 
The a v a i l a b l e d a t a was i n t h e f o r m a t s h o w n i n F i g 3.24 a n d d u e 
t o u n a v a i l a b i l i t y o f s u f f i c i e n t i n f o r m a t i o n t h e d a t a c o u l d n o t 
be t r a n s l a t e d t o a f o r m a t c o r r e s p o n d i n g t o n o r m a l i s e d p o w e r 
a g a i n s t g e a r r a t i o . H o w e v e r , u n l i k e t h e P e r b u r y , t h e 
e f f i c i e n c y d a t a f o r e a c h p o w e r l e v e l i s c o n t i n u o u s a n d 
r e l a t i v e l y e v e n o v e r t h e r a n g e o f v e h i c l e v e l o c i t i e s . I t was 
d e c i d e d , t h e r e f o r e , t h a t t h e r e q u i r e d f l e x i b i l i t y c o u l d be 
a c h i e v e d b y s t o r i n g t h e d a t a i n a m a t r i x c o r r e s p o n d i n g t o 
n o r m a l i s e d p o w e r a n d r o a d s p e e d . T h i s was i m p l e m e n t e d b y 
d i v i d i n g t h e p o w e r l e v e l s a n d v e h i c l e v e l o c i t i e s b y t h e i r 
m a x i m u m v a l u e s ( 1 0 2 h p a n d 120 mph. F i g 3 . 2 4 ) . The r e s u l t a n t 
n o r m a l i s e d e f f i c i e n c y map i s s h o w n i n F i g 3.35. I n o r d e r t o 
f i n d t h e CVT e f f i c i e n c y a t a n y c o n d i t i o n o f l o a d a n d s p e e d t h e 
r a t e d p o w e r a n d r o a d s p e e d o f t h e s i m u l a t e d v e h i c l e a r e 
r e q u i r e d . T h e f o r m e r i s s u p p l i e d b y ' ICENG* ( S e c t i o n 2 . 8 ) a n d 
t h e m aximum s p e e d o f t h e v e h i c l e i s e s t i m a t e d a s f o l l o w s . 
A s s u m i n g e n g i n e p o w e r a t maximum s p e e d i s t h e maximum p o w e r 
PEMAX = PWMAX/EFFDT ( 3 . 8 ) 
a n d a s s u m i n g a d r i v e t r a i n e f f i c i e n c y o f 9 0 % a n d z e r o 
a c c e l e r a t i v e o r g r a d i e n t w o r k a n d f r o m EQ 2.4 t o 2.12 
PEMAX = ( C R » V + 0 . 5 * D a * A * VMAX-0 * VMAX/0.9 ( 3 . 9 ) 
A l s o a s s u m i n g s t a n d a r d e n v i r o n m e n t a l c o n d i t i o n s ( T a b l e 2 . 1 ) 
t h e f o l l o w i n g r e l a t i o n s h i p b e t w e e n maximum p o w e r a n d s p e e d i s 
a r r i v e d a t 
PEMAX = (CR * W + 0.613 * CD * A * VMAX=^) * VMAX/0.9 ( 3 . 1 0 ) 
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T h e maximum v e h i c l e v e l o c i t y i s f o u n d b y e m p l o y i n g EQ 3. 10 i n 
t h e i t e r a t i v e p r o c e s s s h o w n i n F i g 3.36. T h e i n i t i a l e s t i m a t e 
o f m aximum v e l o c i t y i s made b y a s s u m i n g t h a t t h e r o l l i n g 
r e s i s t a n c e t e r m i n e q u a t i o n 3.10 i s n e g l i g i b l e a n d t h e r e f o r e 
VMAX ( m / s ) = t ( 0 . 9 * P E M A X ) / ( 0 . 6 1 3 * CD * A ) ] 1/3 ( 3 . 1 1 ) 
Once t h e maximum v e h i c l e s p e e d a n d p o w e r a r e d e t e r m i n e d t h e 
CVT e f f i c i e n c y i s f o u n d b y t h e i t e r a t i v e p r o c e s s s h o w n i n 
F i g 3 . 3 7 . 
3 . 1 0 . 4 T r a n s m a t i c ( C h a i n B e l t D r i v e ) 
T h e e f f i c i e n c y d a t a a v a i l a b l e f o r t h i s CVT was i n t h e f o r m o f 
t h e o v e r a l l d r i v e t r a i n e f f i c i e n c y w h i c h v a r i e d a c c o r d i n g t o 
t h e CVT i n p u t t o r q u e (Nm) v e r s u s t h e o v e r a l l r a t i o o f t h e 
d r i v e t r a i n ( i e i n c l u d i n g t h e f i n a l d r i v e r a t i o ) . T h i s d a t a 
was t r a n s f o r m e d i n t o a f o r m a t c o r r e s p o n d i n g t o n o r m a l i s e d 
t o r q u e a g a i n s t CVT g e a r r a t i o . The l a t t e r w e r e f o u n d b y 
a s s u m i n g e q u a l p o s s i b l e d i s p l a c e m e n t f o r b o t h p u l l e y s . 
I n o r d e r t o d e t e r m i n e e f f i c i e n c y a t a n y p a r t i c u l a r c o n d i t i o n , 
t h e i t e r a t i v e p r o c e s s o f F i g 3.38 i s u s e d w h e r e t h e t o r q u e i s 
n o r m a l i s e d w i t h r e s p e c t t o t h e maximum t o r q u e a v a i l a b l e o n t h e 
e n g i n e o p e r a t i n g s c h e d u l e ( i e TCVMAX) a n d t h e c o n t i n u o u s l y 
v a r i a b l e u n i t s g e a r r a t i o i s f o u n d b y d i v i d i n g e n g i n e s p e e d b y 
T r a n s m a t i c ' s i n i t i a l r e d u c a t i o n g e a r (VBGR) a n d t h e f i n a l 
d r i v e s p e e d . T h e e f f i c i e n c y f o u n d i n t h i s f a s h i o n c o r r e s p o n d s 
t o t h e o v e r a l l e f f i c i e n c y o f t h e d r i v e t r a i n , w h i c h i s 
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t r a n s f o r m e d i n t o CVT e f f i c i e n c y i n d i v i s i o n b y f i n a l d r i v e 
e f f i c i e n c y (EFFDRV). T h i s p r o c e s s i s r e p e a t e d u n t i l t h e t r u e 
e f f i c i e n c y o f t h e d r i v e i s e v a l u a t e d . 
3 . 1 0 . 5 C o n s t a n t E f f i c i e n c y CVT 
H e r e t h e p o w e r i n p u t t o t h e CVT i s f o u n d s i m p l y i n d i v i d i n g 
t h e CVT p o w e r o u t p u t b y t h e u s e r s p e c i f i e d c o n s t a n t 
e f f i c i e n c y . 
3 . 1 1 S u b s e q u e n t C h a n g e s i n O t h e r S u b r o u t i n e s 
( a ) 'TRANS' 
Some c h a n g e s h a d t o be made, i n o r d e r t o e n a b l e 
t h i s s u b r o u t i n e t o o v e r r u n i t s n o r m a l o p e r a t i o n 
( S e c t i o n 2 . 6 ) w h e n a CVT i s e m p l o y e d . 
( b ) 'ICENG' 
A l o n g w i t h e a c h a v a i l a b l e e n g i n e map i n 'ICENG' i t s 
c o r r e s p o n d i n g o p t i m u m o p e r a t i n g s c h e d u l e was s t o r e d . 
P r o v i s i o n s w e r e a l s o made t o e n a b l e c h a n g e i n t h e 
o p e r a t i n g s c h e d u l e b y t h e u s e r i f a v e h i c l e w i t h CVT i s 
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F i g u r e 3.3 - E l e c t r i c C.V.T. 
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Figure 3.8 - The Cone and Ring Design . 
a) OFF - Centre Drive 
b) On - Centre Drive 
Figure 3.9 - Basic T o r o i d a l Drives. 
- 92 -













Power from c.v.u. 











Figure 3.12 - Schematic o f a Power S p l i t C.V.T. 
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Figure 3.13 - R e c i r c u l a t i v e mode of operation of Conventional 
Power S p l i t Drives . 
Power Input Mechanical Shaft Power 
Power from 
C.V.U. 
( r e c i r c u l a t i v e ) 











Mechanical Shaft Power 
C.V.U 
D i f f e r e n t i a l Output 
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a) " LOW " ( R e c i r c u l a t i v e Power-split) mode of operation 












Figure 3.16 - A schematic of H.M.T. w i t h Power Flows i n 
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- 1 0 0 -
(1+X)Pin 
> 
Pin Pout X Pin Basic Perbury 
Un i t 
Figure 3.20 - A schematic of B.L. Perbury Drive w i t h power flows 
i n the " Low " regime ( R e c i r c u l a t i v e power s p l i t ) 
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Figure 3.21 - A schematic of B.L. Perbury Drive w i t h power flows 
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Figure 3.22 - E f f i c i e n c y c h a r a c t r i s t i c s of B.L.Perbury Drive 
(Source s Ref,42) 
- 1 0 5 








10 20 30 40 50 
BASIC 12:1 CRTD 
WITH ALL ASSOCIATED EQUIPMENT 
(PUMPS, B E A R l K G S . ETC) 
TOTAL TRANSMISSION INCLUDING 
R E G N E R A T E D POWER L O S S E S 
o 102 HP<J 4000 RPM 
29 HP it 2000 RPM 
o 10 HP & 800 RPM 
X Z E R O GRADE • Z E R O WIND 
ROAD LOAD POINTS 
PLYMOUTH " B " BODY 
I . ,1 1 L 
60 70 
MPH 
80 90 100 110 120 
Figure 3.24 = The e f f i c i e n c y c h a r a c t r i s t i c s of C.R.T.D. 
(Source j Ref.43). 
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F i g u r e 3.25 - A schematic of the Regenerative Power S p l i t 
C.R.T.D. 
(l + X ) P i n 
B a s i c C.R.T.D 
Pout 
X P i n 
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F i g u r e 3.27 - P o s s i b l e s i m u l a t i o n e r r o r due to i n e r t i a 
Engine power (Kw) 
POWRE PLOSS due to i n e r t i a 
POWREV 











> RE Engine speed (RPM) 
F i g u r e 3,28 = CV.To c o n t r o l a t W.O.T. a c c e l e r a t i o n 
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VEHICLE SPEED PERCENT OF MAXIMUM LEVEL ROAD SPEED 
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F i g u r e 3.29 = E f f e c t o f a low e r f i n a l d r i v e r a t i o on the 
B.L.Perbury e f f i c i e n c y map s t o r e d i n the' 
p r e s e n t f o r m a t . 
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RATIO SYNCHRONOUS RATIO 
F i g u r e 3.30 - E f f e c t o f a d i f f e r e n t engine o p e r a t i n g scheduale on 
the p e r b u r y e f f i c i e n c y map s t o r e d i n t h i s f o r m a t . 
I l l 
VKHICLE SPEED PERCENT OF MAXIMUM LEVEL ROAD SPEED 








' REGII IE ' 
SYNCHRONOUS RATIO 
5:1 I 3:1 | 2.5:1 
F i g u r e 3.31 - Method used t o c o n v e r t p e r b u r y e f f i c i e n c y map from 
the p r e s e n t f o r m a t t o Gear r a t i o v s . 7. o f rtiaximum 
power. 
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PKRRURY HIGH REGIME EFFICIEtTCY MAP 
1. 00 90. 0 90. 0 90. 0 90. 0 88. 0 86. 0 85. 0 82. 0 
0. 80 90. 2 90. 2 90. 2 91. 1 90. 0 87. 0 85. 0 82. 3 
0. 60 89. 0 89. 0 90. 5 91. 5 90. 3 88. 0 86. 0 83. 5 
0. 50 89. 4 89. 5 90. 7 91. 5 90. 5 88. 3 86. 5 84. 0 
0. 40 89. 4 89. 8 90. 8 91. 5 90. 5 88. 4 86. 4 83. 5 
0. 30 88. 8 90. 0 90. 8 91. 2 90. 0 87. 7 86. 2 82. 5 
0. 20 88. 0 89. 6 90. 5 90. 7 89. 1 86. 1 83. 9 82. 0 
0. 15 87. 8 89. 2 90. 2 90. 3 88. 8 86. 0 83. 8 81. 5 
0. 10 87. 0 88. 9 89. 6 89. 7 88. 2 85. 9 83. 5 81. , 0 
0. 05 83. 6 85. 8 86. 8 87. 1 85. 9 83. 9 81. 5 77. 5 
0. 03 77. 0 80. 0 81. 4 82. 0 80. 6 78. 0 75. 0 70. 0 
0. 02 65. 0 68. 0 70. 0 70. 0 68. 0 66. 0 63. 0 58. 0 
0. 45 0. 60 0. 75 1. 00 1. 50 2. 00 2. 50 3. 0( 
UORMALISED POWER GEAR RATIO 
PRRBURY T.nW REGIME EFFICIRffCY MAP 
1. 00 85. 0 85. 0 85. 0 85. 0 85. 0 85. 0 85. 0 
0. 80 85. 5 85. 5 85. 5 85. 0 85. 0 85. 0 85. 0 
0. 70 85. 5 85. 5 85. 5 85. 5 85. 5 85. 5 85. 0 
0. 10 85. 5 85. 5 85. 5 85. 3 85. 1 85. 0 85. 0 
0. 09 85. 5 85. 5 85. 3 85. 0 84. 9 84. 8 84. 7 
0. 07 84. 0 84. 0 84. 0 84. 0 84. 0 84. 0 84. 0 
0. 06 83. 0 83. 0 83. 0 83. 0 83. 0 83. 0 83. 0 
0. 05 82. 0 82. 0 82. 0 82. 0 82. 0 82. 0 82. 0 
0. 03 73. 0 73. 0 73. 0 73. 0 73. 0 73. 0 73. 0 
0. 02 60. 0 60. 0 60. 0 60. 0 60. 0 60. 0 60. 0 
1. 00 1. 50 2. 00 2. 50 3. 00 3. 75 5. 01 
NORMALISED POWER - GEAR RATIO 
FIG 3.32 - B L Perbury e f f i c i e n c y map. 
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POVED.RD.PEMAX 
and e s t i m a t e d 




F i n d t h e engine speed RE 
c o r r e s p o n d i n g t o POVECY 
f r o m t h e o p e r a t i n g l i n e 
s e a r c h 'low' regime 
map f o r e f i c i e n c y 
P = POVED/PDKAX 
CVTGR = EE/ED 
CVTGR>CVTSCR 
50 
Search ' h i g h ' regime 
map f o r e f f i c i e n c y 
EFFCVT 
EFFCVT - EFF 
EFFCVT , POVECY 
EFF=EFF+0.8(EFFCVT-EFF) 
7 
FIG 3.33 - Diagram o f t h e process employed t o f i n d e f f i c i e n c y 
o f t h e Pe r b u r y and t h e H.M.T. 
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H. M. T. HIGH REGIME EFFICIENCY MAP 
1. 00 69. 0 76. 0 79, 0 81. 0 82. 0 81. 0 79. 0 74. 4 74. 0 
0. 60 74. 0 80. 0 83. 2 85. 6 86. 6 86. 4 84. 5 80. 4 78. 3 
0. 40 77. 3 82. 9 85. 2 87. 6 88. 8 89. 0 87. 0 83. 4 80. 4 
0. 25 80. 4 83. 5 86. 3 89. 0 89. 4 89. 3 87. 9 83. 4 80. 4 
0. 15 80. 2 82. 5 85. 4 88 6 89 0 89. 0 87 4 83. 4 80 5 
0 05 62. 5 67. 9 72 1 75 4 76 5 76 5 . 75 2 72 5 70 0 
0 50 0. 55 0 63 0 71 0 83 1 00 1 25 1 67 1 9 
NORMALISED POWER - GEAR RATIO 
H. M. T. LOW REGIME EFFICIENCY MAP 
1.00 82.0 81.0 73.0 70.0 0.0 
0.60 83.2 83.0 77.0 74.0 63.0 
0.40 84.4 84.0 79.0 76.0 64.0 
0.25 85.0 85.4 80.0 77.0 65.0 
0.15 84.0 86.0 81.0 78.0 65.0 
0.05 72.0 74.6 75.4 75.0 73.0 
1.90 2.50 4.00 5.00 7.00 
NORMALISED POWER - GEAR RATIO 
FIG 3.34 - Hydromechanical transmission e f f i c i e n c y map 
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T.nV nPERATTTJG BOUNDARY 









HIGH OPERATING BOUNDARY 







r. R T D EFFTCTENCY MAP 
y-AXIS: NORMALISED VELOCITY: Y-AXIS: NORMALTSED POWER 
1 , 0 0 0 
0 , 2 8 4 
0 , 0 9 8 
0 , 0 3 0 
0 . 0 
6 9 , 0 
7 0 , 0 
6 5 , 0 
6 8 , 5 
6 9 , 0 
8 6 , 0 
8 1 . 0 
6 8 , 5 
7 9 , 0 
9 0 , 0 
8 5 , 0 
7 9 , 0 
8 9 , 0 
9 2 , 5 
8 7 , 5 
8 6 , 5 
9 1 , 0 
9 3 , 0 
8 8 , 0 
8 8 , 5 
9 1 , 5 
9 3 , 5 
8 8 , 5 
9 1 , 0 
9 2 , 5 
9 4 , 0 
8 9 , 0 
9 1 , 5 
9 3 , 0 
9 4 , 0 
8 9 , 0 
9 2 , 0 
9 3 , 0 
9 3 , 0 
8 8 , 0 
9 2 , 0 
3 3 , 0 
9 2 , 0 
8 7 , 0 
9 2 , 5 
9 3 , 5 
8 9 , 5 
8 7 , 0 
9 3 , 0 
9 3 , 0 
8 9 , 5 
0 , 0 
9 3 , 0 
9 3 , 0 
8 9 , 5 
0 , 0 
9 3 , 5 9 3 , 5 
8 9 , 5 8 8 , 2 
8 9 , 5 8 9 , 5 
0 , 0 0 , 0 
9 3 , 5 
8 8 , 2 
0 , 0 
0 , 0 
0 , 0 0 5 0 , 0 1 0 0 , 0 2 0 0 , 0 5 2 0 , 0 8 5 0 , 1 0 0 0 , 1 7 5 0 , 2 3 0 0 , 3 0 0 0 , 3 3 3 0 , 3 8 5 0 , 5 0 0 0 , 5 8 3 0 , 9 0 0 0 , 9 9 0 1 , 0 0 0 
FIG 3.35 - C. R. T. D. E f f i c i e n c y map. 
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PEMAX & v e h i c l e body 
s p e c i f i c a t i o n s 
Estimate VMAX from EQ. 3.11 
Vmax = 1.OIWVMAX VMAX 0.99«VMAX 
C a l c u l a t e the corresponding 
power PEl from EQ. 3.10 
No(smaller) No(larger) 
MAX v e h i c l e speed = VMAX 7 
FIG 3.36 - The process used to evaluate the v e h i c l e maximum 
speed r e q u i r e d i n determination of CRTD 
e f f i c i e n c y . 
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POTOD.Y.PEHAX.VMX 
and e s t i m a t e d e f f i c i e n c y EFF 
POVECV = POWRD/EFF 
P = POWRCV/PEHAX 
U = V/YMAX I 
s e a r c h e f f i c i e n c y map ( F i g 3.35) 
EFFCYT 
EFF=EFF+0.8 (EFFCYT-EFF) 
EFFCYT = e f f 
EFFCVT & PO¥ECY 




POWRCV = POWRD/EFF 
TORQCV(Im) = POWRCV/(RES1.47x10"^) 
TCV = TORQCV/TCVIAX 
CVTGR = RE/(RD4YBGR) 
Search map f o r d r i v e 
t r a i n e f f i c i e n c y EFFDT 
EFFCVT = EFFDT/EFFDR 
EFFCVT 
No E f f = E f f + 0 , 8 ( E F F C V T - E F F ) 
h r e s 
EFFCVT 
FIG 3.38 - The pr o c e s s employed t o d e t e r m i n e Transmatic e f f i c i e n c y 
a t any c o n d i t i o n . 
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C V T 
: Type o f 
E x p e r i m e n t a l 
E f f i c i e n c y 
Data 
A v a i l a b l e 
Performance 
w i t h Manual 








O v e r a l l gear 
r a t i o spread 
a t F u l l Load 
B.L.Perbury 
(42) 
E x t e n s i v e Lower Lower Higher 10.0:1 
C.R.T.D. (43) E x t e n s i v e Proximate Not 
A v a i l s 
a b l e . 
Not 
A v a i l -
a b l e . 
12.5: 1 
Tr a n s m a t i c 
(38) 
E x t e n s i v e Proximate Lower Higher 4.4:1 
H.H.T. (41) E x t e n s i v e Lower Higher Higher 8.0: 1 
K i n e m a t i c 
L i n k a g e s & 
O v e r r u n n i n g 
C l u t c h e s (31) 
Poor Higher Not 
A v a i l -
a b l e . 
Not 
A v a i l -
a b l e . 
12.5:1 
l u t a t i n g 
T r a c t i o n 
D r i v e (34) 
Poor Lower Not 
A v a i l -
a b l e . 
Not 
A v a i l -
a b l e . 
Not A v a i l a b l e 
I o n - C i r c u l a r 
Gears (32) 
ffone A v a j l l a b l e Lower Not 
A v a i l -
a b l e . 
Not 
A v a i l -
a b l e . 
5. 0:1 
E l e c t r i c None A v a i l a b l e Sot 
A v a l l a b l e 
Lower Higher Not A v a i l a b l e 
Rubber 
Y - b e l t 
D r i v e (37) 
Poor Lower Lower P r o x i -
-mate 
4.0: 1 
TABLE 3.1 A summary o f c h a r a c t e r i s t i c s o f t h e a v a i l a b l e t y p e s o f CVT 
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C H A P T E R F O U R 
PROGRAM V E R I F I C A T I O H AHD IHPUT DATA 
4 Program V e r i f i c a t i o n And Input Data 
The o b j e c t i v e of t h i s work i s t o examine the e f f e c t of v a r i o u s 
proposed d e s i g n improvements ( S e c t i o n 1.5) by comupter 
s i m u l a t i o n . 
B e f o r e embarking on t h i s t a s k , however, i t i s n e c e s s a r y t o 
e s t a b l i s h t h e i n t e g r i t y of t he s i m u l a t i o n package. T h i s i s 
done by c o m p a r i s o n of 'JANUS' computer p r e d i c t i o n s of v e h i c l e 
performance w i t h t h a t of measured data. 
4. 1 Program V e r l f l c a t i a n 
The v a r i a b l e s used a s i n p u t d a t a t o the s i m u l a t i o n package f o r 
two v e h i c l e s a r e shown i n T a b l e 4.1. The v e h i c l e s a r e 
s e l e c t e d due t o a v a i l a b i l i t y of t h e i r p h y s i c a l parameters and 
engine maps. 
T a b l e s 4.2 and 4.3 compare the p r e d i c t e d f u e l consumption 
v a l u e s o b t a i n e d by the s i m u l a t i o n package w i t h the measured 
d a t a p u b l i s h e d by the Department of T r a n s p o r t ( 4 5 ) . The 
p r e d i c t e d a c c e l e r a t i v e p e r f o r m a n c e s and maximum speeds a r e 
a l s o compared w i t h measured d a t a ( 4 6 ) . The p r e d i c t e d f u e l 
consumption v a l u e s a r e w i t h i n 3% of the o f f i c i a l d a t a f o r 
c r u i s e c o n d i t i o n s and 10% f o r ECE 15 d r i v i n g c y c l e . The 
l a r g e r d i f f e r e n c e s i n urban f u e l economy a r e due t o i t s 
c r i t i c a l dependence on the v a l u e of i d l e f u e l consumption. 
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The p r e d i c t e d a c c e l e r a t i v e and maximum speed performance of 
V e h i c l e 1 a r e not a s a c c u r a t e a s V e h i c l e 2 when compared w i t h 
measured d a t a . T h i s can be e x p l a i n e d a s the e f f e c t of the 
d i f f e r e n t e n g i n e ( t h a n the o f f i c i a l ) used i n the s i m u l a t i o n , 
s e e T a b l e 4.1. The p r o x i m i t y of the r e s u l t s of the s i m u l a t i o n 
t o measured d a t a , a r o u s e s c o n f i d e n c e i n the s i m u l a t i o n package 
f o r f u r t h e r p r e d i c t i v e s t u d i e s . 
4. 2 Input Data 
The purpose of t h i s work i s t o e v a l u a t e the e f f e c t s of v a r i o u s 
proposed d e s i g n improvements on the performance of p r e s e n t day 
v e h i c l e s . I t i s , t h e r e f o r e , n e c e s s a r y t o e s t a b l i s h the 
p a r a m e t e r s c o n s i d e r e d a s the norm f o r p r e s e n t v e h i c l e s . 
As t h i s work c o n c e n t r a t e s on t h e v e h i c l e s of the 1000-2000cc 
range due t o t h e i r growing dominance i n the market ( S e c t i o n 
1.1), the p a r a m e t e r s s e l e c t e d ( T a b l e 4.4) a r e t h e r e f o r e of 
t h r e e v e h i c l e s c o n s i d e r e d a s t y p i c a l r e p r e s e n t a t i v e s of new 
v e h i c l e s i n t h i s range. T h i s i s a l s o the c a s e f o r the engine 
maps s e l e c t e d , shown i n F i g s 4.1, 4.2 & 4.3. 
The e f f e c t of v a r i a t i o n s of e n v i r o n m e n t a l c o n d i t i o n s on 
v e h i c l e performance i s a l s o s t u d i e d i n t h i s r e p o r t . The 
e n v i r o n m e n t a l c o n d i t i o n s c o n s i d e r e d a s the norm, a r e the 
s t a n d a r d c o n d i t i o n s of 'JANUS', shown i n T a b l e 2.1. 
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I . C. ENOTWE CHARACTERISTICS 
I . C. ENGTTJE PERFORMAETCE LIMIT CURVE 
SPEED (RPM) TORQUE (NM) BMEP ( P S I ) POVEK (KW) 
750 . 00 61. 19 110 . 00 4. 80 
996 . 00 66. 75 120 . 00 6. 96 
1500 . 00 66. 75 120 . 00 10. 48 
1998 . 00 72. 31 130 . 00 15. 13 
2496 . 00 77. 87 140 . 00 20. 35 
3000 . 00 77. 87 140 . 00 24. 46 
3498 . 00 77. 87 140 . 00 28. 52 
3996 . 00 72. 31 130 . 00 30. 25 
4500 . 00 66. 75 120 . 00 31. 45 
4998 . 00 66. 75 120 . 00 34. 93 
5496 . 00 61. 19 110 . 00 35. 21 
6000 . 00 55. 62 100 . 00 34. 94 




























T C ENGINE PERFORMANCE MAP 
X-SPEED (rpm/1000) » Y -BMEP ( p s i ) ; SEC -PTS /HP- HR 
140.00 0. 53 0. 53 0. 53 0 53 0. 53 0. 53 0. 51 0. 51 0. 51 0. 51 0. 51 0. 51 
130.00 0. 51 0. 51 0. 51 0 51 0. 49 0. 49 0. 49 0.50 0. 50 0 50 0. 50 0. 50 
120.00 0. 57 0. 57 0. 50 0 48 0. 48 0.48 0. 49 0. 49 0. 50 0. 53 0. 53 0. 53 
110.00 0. 57 0. 54 0. 49 0 48 0. 48 0. 48 0. 49 0. 50 0. 50 0 52 0. 55 0. 55 
100.00 0. 56 0. 53 0. 50 0 49 0. 48 0. 49 0. 50 0. 51 0. 51 0 52 0. 53 0. 58 
90. 00 0. 56 0. 54 0. 51 0 50 0. 49 0. 49 0 50 0. 52 0. 53 0 53 0. 54 0. 55 
80. 00 0. 57 0. 55 0. 53 0 51 0. 50 0. 50 0.51 0. 53 0. 54 0 55 0. 56 0. 57 
70. 00 0. 57 0. 56 0. 54 0.53 0. 53 0. 52 0 53 0. 55 0. 57 0 58 0. 59 0. 60 
60.00 0. 59 0. 58 0. 56 0 55 0. 55 0. 55 0 56 0. 58 0. 60 0 63 0. 63 0. 65 
50. 00 0. 63 0. 60 0. 60 0 59 0. 58 0. 59 0 60 0. 63 0.65 0 68 0. 70 0. 70 
40. 00 0. 70 0. 68 0. 65 0 65 0. 65 0. 65 0 65 0. 68 0. 70 0 75 0. 80 0. 80 
30. 00 0. 80 0. 80 0. 75 0 75 0. 75 0. 75 0 80 0. 80 0. 85 0 90 0. 95 1. 00 
20. 00 1. 00 1. 00 1. 00 0 95 0. 95 1. 00 1 00 1. 05 1. 10 1 20 1. 30 1. 30 
10.00 1. 50 1. 50 1. 50 1 50 1. 50 1. 50 1 50 1. 50 1. 50 1 70 1. 70 1. 70 
0. 75 1. 00 1. 50 2 00 2. 50 3. 00 3 50 4. 00 4. 50 5 00 5. 50 6. 00 
F I G 4 . 1 - F u e l map of the mini engine 
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I . C. ENGINE CHARACTERISTICS 












































































I . C. ENGINE PERFQRMNCE MAP 
X-SPEED (RPM/1000) ; Y- BMEP (PS I ) SFC-PTS/HP -HR 
140. 00 0 . 49 0 49 0. 49 0 . 49 0 . 47 0 48 0 49 0 49 0 49 0. 49 
133. 00 0 . 50 0 50 0. 50 0 . 47 0 . 46 0 47 0 48 0 48 0 48 0. 48 
126. 00 0 . 55 0 55 0. 48 0 . 44 0 . 44 0 45 0 46 0 51 0 51 0. 51 
119. 00 0 . 55 0 52 0. 46 0 . 45 0 . 45 0 46 0 47 0 49 0 51 0, 51 
112. 00 0 . 48 0 49 0. 47 0 . 45 0 . 46 0 46 0 47 0 49 0. 50 0. 53 
105. 00 0 . 42 0 48 0. 47 0 . 46 0 . 47 0 46 0 47 0. 49 0. 50 0. 53 
98. 00 0 . 44 0 47 0. 47 0 . 47 0 . 47 0 46 0 47 0. 50 0. 50 0. 53 
91. 00 0 . 46 0. 48 0. 47 0 . 48 0 . 48 0 48 0. 48 0. 50 0. 51 0. 54 
84. 00 0 . 50 0. 48 0. 48 0 . 49 0 . 49 0. 49 0. 49 0. 51 0. 51 0. 57 
77. 00 0 . 50 0. 50 0. 49 0 . 50 0 . 51 0. 51 0. 51 0. 51 0. 53 0. 59 
70. 00 0 . 50 0. 52 0. 51 0 . 50 0 . 52 0. 52 0. 53 0. 54 0. 56 0. 56 
63. 00 0 . 53 0. 53 0. 52 0 . 54 0 . 55 0. 55 0. 56 0. 56 0. 58 0. 58 
56. 00 0 . 55 0. 57 0. 57 0 . 58 0 . 57 0. 58 0. 58 0. 60 0. 60 0. 60 
49. 00 0 . 63 0. 60 0. 62 0 . 61 0 . 60 0. 61 0. 62 0. 64 0. 62 0. 64 
42. 00 0 . 66 0. 64 0. 66 0 . 64 0 . 63 0. 64 0. 65 0. 69 0. 69 0. 67 
35. 00 0 . 68 0. 67 0. 74 0 . 73 0 . 72 0. 73 0. 74 0. 80 0. 76 0. 80 
28. 00 0 . 82 0. 82 0. 82 0 . 81 0 . 80 0. 82 0. 84 0. 90 0. 90 0. 90 
21. 00 1 . 01 1. 00 1. 00 1 . 00 1 . 00 1. 00 1. 00 1. 00 1. 00 1. 20 
14. 00 1 . 72 1. 29 1. 33 1 . 31 1 30 1. 31 1. 35 1. 48 1. 51 1. 72 
0 . 99 1. 48 1. 98 2 . 48 3 02 3. 52 4. 02 4. 51 5. 01 5. 50 
F I G 4.3 - The f u e l map of the Medium engine 
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VEHICLE 1 VEHICLE 2 
S i m u l a t e d O f f i c i a l S i m u l a t e d O f f i c i a l 
910 910 V e h i c l e t e s t w eight(Kg) 1360 1360 
0. 4 0. 4 Drag C o e f f i c i e n t 0. 455 0. 455 
1. 73 1. 73 F r o n t a l Area (m^) 1. 93 1. 93 
0. 012 NA C o e f f . of 
R o l l i n g R e s i s t a n c e 
0. 012 NA 
0. 25 0. 25 Wheel R a d i u s (m) 0. 32 0. 32 
20 NA 
I n e r t i a a s e f f e c t i v e 



















1. 00: 1 
Gear box Type 
R a t i o s 1 s t 
2 nd 
3 r d 























Eng i n e C a p a c i t y ( c c ) 
Compression R a t i o 
Max. Power (KW) 
Max. Speed (rpm) 
I d l e F u e l Cons, ( g / s ) 














TABLE 4.1 - D e s i g n Data used f o r two v e h i c l e v a l i d a t i o n 
126 -
V e h i c l e 1 







( S e e s ) 
Max.Speed 
(mph) 
S i m u l a t e d 33. 0 51. 0 37. 7 15. 2 85. 0 
• 
E x p e r i m e n t a l 32. 8 51. 2 37. 9 13. 4 90. 0 
TABLE 4.2 - Comparison of e x p e r i m e n t a l and p r e d i c t e d d a t a 
f o r v e h i c l e 1. 
V e h i c l e 2 







( S e e s ) 
Max.Speed 
(mph) 
S i m u l a t e d 20. 3 35. 1 27. 3 12. 2 100 
E x p e r i m e n t a l 22. 1 34. 0 27. 0 12. 2 105 
TABLE 4.3 - Comparison of e x p e r i m e n t a l and p r e d i c t e d d a t a 
f o r v e h i c l e 2 
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V e h i c l e P a r a m e t e r s Mini Small Medium 
T e s t Weight (Kg) 800 900 1050 
Drag C o e f f i c i e n t 0. 40 0. 38 0. 35 
F r o n t a l Area (m'-^ ) 1. 73 1. 80 1. 95 
R o l l i n g R e s i s t a n c e C o e f f i c i e n t 0. 012 0. 012 0. 012 
Wheel R a d i u s (m) 0. 25 0. 27 0. 28 
Wheel I n e r t i a 
a s e f f e c t i v e weight (kg) 
15 20 25 
F i n a l D r i v e Type Spur Spur Spur 
R a t i o 3. 65 3. 44 3. 14 
Gear box Type Manual Manual Manual 
R a t i o 1 s t 3.7 3. 6 3.6 
2 nd 2.2 2. 0 2. 0 
3 r d 1. 4 1.3 1.3 
4 t h 1. 0 1. 0 1. 0 
E n g i n e Max. Power (kw) 35 40 55 
E n g i n e Max. Speed (rpm) 6000 5000 5500 
I d l e f u e l consumption ( g / s ) 0. 12 0. 14 0. 16 
E n g i n e I n e r t i a (kgm=^) 0. 15 0. 22 0. 30 
E n g i n e C a p a c i t y ( c c ) 1000 1300 1600 
TABLE 4.4 - D e s i g n P a r a m e t e r s of the t h r e e c a r t y p e s s e l e c t e d . 
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C H A P T E R F I V E 
AREAS FOR FURTHER IMPROVEMEFTS I H COHVEHTIOirAL V E H I C L E S 
5. A r e a s f o r F u r t h e r Improvements i n C o n v e n t i o n a l V e h i c l e s 
T h i s c h a p t e r i n v e s t i g a t e s t h e p o s s i b l e f u e l s a v i n g s by 
Improvements i n : 
1. V e h i c l e c h a r a c t e r i s t i c s of drag, mass and r o l l i n g 
r e s i s t a n c e ; 
2. Improvements I n engine t r a n s m i s s i o n matching a c h i e v e d 
by b e t t e r g e a r i n g and g e a r s h i f t i n g ; 
(CVTs a r e d i s c u s s e d i n C h a p t e r 6 ) . 
3. E n g i n e improvements; 
4. C o n t r o l Improvements r e g a r d i n g f u e l c u t o f f a t i d l e 
or o v e r r u n c o n d i t i o n s . 
I n a d d i t i o n t h e e f f e c t of changes i n o t h e r v a r i a b l e s a f f e c t i n g 
f u e l economy, s u c h a s e n v i r o n m e n t a l c o n d i t i o n s and v a r i a t i o n s 
I n e n g ine s i z e , a r e s t u d i e d . 
5. 1 E f f e c t of V a r i a t i o n s i n E n v i r o n m e n t a l C o n d i t i o n s 
The e f f e c t of a range of c o n s t a n t headwinds on the ' s m a l l ' 
v e h i c l e f u e l economy I s shown I n F i g 5.1. Comparison of t h e s e 
e f f e c t s on t h e f u e l economy of the d i f f e r e n t d r i v i n g c y c l e s 
shows t h a t t h e e f f e c t of the head wind on f u e l consumption ( i n 
p e r c e n t a g e t e r m s ) I n c r e a s e s a s t h e a v e r a g e c y c l e v e l o c i t y 
i n c r e a s e s . T h i s i s due t o the i n c r e a s i n g dominance of the a i r 
d r a g r e s i s t a n c e t e rm i n the power e x p e n d i t u r e a t h i g h e r 
v e h i c l e s p e e d s ( a s shown i n T a b l e 5 . 1 ) . 
129 
W i t h i n the normal v a r i a t i o n s of ambient c o n d i t i o n s of p r e s s u r e 
and t e m p e r a t u r e , no s i g n i f i c a n t change i n v e h i c l e t r a c t i v e 
e f f o r t was noted. T h i s cannot be i n t e r p r e t e d a s no change i n 
v e h i c l e f u e l economy, however, a s n e i t h e r the e f f e c t s of the 
v a r i a t i o n s i n ambient c o n d i t i o n s on engine performance ( f u e l 
map) nor o t h e r f a c t o r s s u c h a s c o l d engine o p e r a t i o n a r e 
s t u d i e d h e r e . 
The e f f e c t of g r a d i e n t (+) on urban f u e l economy of the S m a ll 
c a r i s shown i n F i g 5.2. Although the r e l a t i o n s h i p between 
g r a d i e n t and v e h i c l e energy e x p e n d i t u r e (EQ 2.8 & 2.11) i s 
l i n e a r , t h e p o s i t i v e g r a d i e n t i n c r e a s e s engine l o a d f a c t o r i n 
u rban d r i v i n g and the r e s u l t a n t improvement i n engine 
e f f i c i e n c y r e d u c e s the p e n a l t y a s s o c i a t e d w i t h the p o s i t i v e 
g r a d i e n t . I f urban d r i v i n g over a h i l l y t e r r a i n i s 
i n t e r p r e t e d a s d r i v i n g the urban c y c l e up a c e r t a i n g r a d i e n t 
and t h e n down t h e same g r a d i e n t , t h i s i m p l i e s t h a t o v e r a l l 
f u e l economy would improve i n r e l a t i o n t o t h a t on a l e v e l 
road. 
The e f f e c t of 2% g r a d i e n t on s t e a d y s t a t e c r u i s e f u e l 
c onsumption i s shown i n F i g 5.3 which shows the r e d u c t i o n i n 
f u e l economy c a u s e d by the g r a d i e n t , r e d u c i n g a s the c r u i s i n g 
s p e e d of t h e v e h i c l e i n c r e a s e s . T h i s i s due t o the i n c r e a s i n g 
s h a r e of t h e a i r d r a g component of power e x p e n d i t u r e . T h i s 
may be b e t t e r i l l u s t r a t e d by F i g 5.4 which shows the 
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p e r c e n t a g e i n c r e a s e i n power e x p e n d i t u r e due t o 2% g r a d i e n t 
r e d u c e a s the s p e e d of the v e h i c l e i n c r e a s e s . 
5. 2 E f f e c t of V e h i c l e Improvements on F u e l Economy 
Once t h e d r i v e power r e a c h e s t h e wheel, energy i s absorbed i n 
t h r e e ways: r o l l i n g r e s i s t a n c e l o s s e s , a i r drag l o s s e s , and 
t h a t expanded i n a c c e l e r a t i o n . T a b l e 5.1 shows the 
a p p o r t i o n i n g of the energy e x p e n d i t u r e f o r the t h r e e v e h i c l e s . 
5.2.1 R o l l i n g R e s i s t a n c e 
R o l l i n g r e s i s t a n c e l o s s e s a c c o u n t f o r about 33% of the energy 
consumed i n o v e r a l l (40%, 50%, 10%) d r i v i n g . A l l major t y r e 
m a n u f a c t u r e r s have been working on r e d u c i n g t y r e r e s i s t a n c e . 
Most work i s c o n c e n t r a t e d on Improved t r e a d and c a r c a s e 
d e s i g n ( 7 ) . H i g h e r i n f l a t i o n p r e s s u r e s a l s o r e s u l t I n some 
b e n e f i t s . These Improvements may be r e s t r i c t e d , however, by 
s a f e t y r e q u i r e m e n t s . T a b l e 5^2 shows the p e r c e n t a g e 
improvements i n f u e l economy o b t a i n a b l e by 10% r e d u c t i o n i n 
r o l l i n g r e s i s t a n c e and t h e b i g g e s t b e n e f i t s a r e a t lower 
v e h i c l e s peeds. R o l l i n g r e s i s t a n c e l o s s e s a r e a l s o 
p r o p o r t i o n a l t o v e h i c l e mass, a r e d u c t i o n of which w i l l reduce 
t h e s e l o s s e s . 
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5.2.2 V e h i c l e mass 
The i m p o r t a n t e f f e c t of weight on energy e x p e n d i t u r e i s shown 
i n p e r c e n t a g e terms i n T a b l e 5.1. T h e r e f o r e g r e a t e f f o r t has 
been made by motor m a n u f a c t u r e r s t o reduce v e h i c l e mass by 
u s i n g l i g h t e r weight m a t e r i a l s . The r e d u c t i o n i n v e h i c l e mass 
e v o l v e s not o n l y around the p r i m a r y s a v i n g s r e s u l t i n g from 
d i r e c t s u b s t i t u t i o n of a l i g h t e r m a t e r i a l i n p l a c e of a 
h e a v i e r one, but a l s o t h e s e c o n d a r y s a v i n g s r e s u l t i n g from 
l i g h t e r s t r u c t u r a l l o a d s c a r r i e d by t he c h a s s i s , s u s p e n s i o n s 
and a l i g h t e r power t r a i n . 
F i g 5.5 shows the e f f e c t of r e d u c t i o n s i n mass on f u e l economy 
and i n o r d e r t o s t u d y the e f f e c t of e x t r a p a s s e n g e r s and 
p a y l o a d t h e range shown i s extended beyond the t e s t weight of 
the S m a l l v e h i c l e (900 Kg). 
The l a r g e s t b e n e f i t s o c c u r i n urban d r i v i n g and a s the average 
s p e e d of t h e d r i v i n g c y c l e s and t h e r e f o r e the e f f e c t of drag 
l o s s e s i n c r e a s e s t h e s e improvements become s m a l l e r . The 
improvements i n f u e l economy o b t a i n a b l e by 10% r e d u c t i o n i n . 
mass of t h e t h r e e v e h i c l e s s t u d i e d a r e shown i n T a b l e 5.3. I t 
s h o u l d be noted t h a t t h e s e improvements r e f e r o n l y t o weight 
s a v i n g s a c h i e v e d by m a t e r i a l s u b s t i t u t i o n a p p l i e d i n e x i s t i n g 
v e h i c l e s ( i e no e n g i n e change). 
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When t h e s e p r i m a r y weight s a v i n g s a r e u t i l i z e d , a s d e s c r i b e d 
e a r l i e r f u r t h e r weight s a v i n g s a r e t o be had. As v e h i c l e 
a c c e l e r a t i o n i s i n v e r s e l y p r o p o r t i o n a l t o weight, the power 
r a t i n g of t h e new v e h i c l e c o u l d be reduced without any l o s s i n 
t h e a c c e l e r a t i v e performance. F i g 5.6 shows the amount t o 
which power r a t i n g c o u l d be re d u c e d without any l o s s i n 
a c c e l e r a t i v e power of the ' s m a l l ' v e h i c l e . T a b l e 5.4 shows 
t h e e f f e c t of 10% weight r e d u c t i o n a p p l i e d i n ' a l l new' 
v e h i c l e s w i t h a l o w e r power r a t i n g . The improvement over 
T a b l e 5.3 r e s u l t s a r e due t o the i n c r e a s e d l o a d f a c t o r of the 
s m a l l e r engine. I t s h o u l d be noted t h a t the r e s u l t s of 
T a b l e 5.4 a r e l e s s a c c u r a t e because t h e same engine map has 
been employed f o r t h e engine w i t h t h e lower power r a t i n g . An 
i m p o r t a n t f a c t o r c o n c e r n i n g m a t e r i a l e n g i n e e r s ' d e c i s i o n on 
m a t e r i a l s u b s t i t u t i o n i s the amount of o v e r a l l f u e l s a v i n g s 
which c o u l d be s o a c h i e v e d . F i g 5.7 shows the e f f e c t of 
weight r e d u c t i o n s on both e x i s t i n g and new v e h i c l e s . The range 
c o n s i d e r e d f o r new v e h i c l e s e x t e n d s beyond t h a t of the 
e x i s t i n g v e h i c l e s due t o the s e c o n d a r y weight s a v i n g s p o s s i b l e 
f o r new v e h i c l e s . Recent e s t i m a t e s (46) i n d i c a t e t h a t an 
a d d i t i o n a l 60% t o 90% of the p r i m a r y weight s a v i n g s i s t o be 
had i f the p l a n n i n g h o r i z o n i s s u f f i c i e n t l y l o n g - t e r m t o a l l o w 
f o r complete r e d e s i g n and m a n u f a c t u r i n g i n v e s t m e n t . 
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5.2.3 A i r Drag 
Around 50% of o v e r a l l motoring e n e r g y r e q u i r e m e n t s of the 
v e h i c l e s c o n s i d e r e d h e r e c o u l d be a t t r i b u t e d t o drag l o s s e s a s 
shown i n T a b l e 5.1. G i v e n t h a t t h e s e a t i n g a t t i t u d e and 
p o s i t i o n s of c a r o c c u p a n t s w i l l not change, n o t a b l e r e d u c t i o n s 
i n f r o n t a l a r e a a r e not l i k e l y . F u r t h e r r e d u c t i o n s i n a i r 
dr a g c o e f f i c i e n t , however, a r e a c h i e v a b l e by t i g h t e r c o n t r o l s 
on v e h i c l e s t y l i n g and b e t t e r a i r f l o w management. The e f f e c t 
of change i n a i r d r a g c o e f f i c i e n t on f u e l economy i s shown i n 
F i g 5.8. T h i s e f f e c t i n c r e a s e s a s t h e average v e h i c l e speed 
and t h e r e f o r e t h e p r o p o r t i o n of t o t a l energy expanded t o 
overcome a i r d r a g i n c r e a s e s . A r e d u c t i o n i n a i r drag 
c o e f f i c i e n t c a n a l s o improve v e h i c l e performance but the 
improvements i n a c c e l e r a t i v e performance a r e v e r y s m a l l . 
T a b l e 5.5 shows t h a t a 10% r e d u c t i o n i n a i r d rag c o e f f i c i e n t 
l e a d s t o around 5% improvement i n f u e l economy a t h i g h 
c r u i s i n g s peeds. 
5.3 Improvements i n E n g i n e - T r a n s m i s s i o n Matching 
F o r b e s t f u e l economy, the engine s h o u l d be g e a r e d t o run a s 
much of t h e time a s p o s s i b l e a t s p e e d s and l o a d i n g which a l l o w 
peak t h e r m a l e f f i c i e n c y . F i g s 5.9 and 5.10 show the e f f e c t of 
f i n a l d r i v e r a t i o s e l e c t i o n on v e h i c l e f u e l economy and 
a c c e l e r a t i v e performance. C l e a r l y , t h e s e l e c t i o n of g e a r i n g 
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i s a compromise between f u e l economy and a c c e l e r a t i v e 
performance. F o r example by 10% r e d u c t i o n i n f i n a l d r i v e 
r a t i o f u e l economy improvements of up t o 5% a r e a c h i e v e d . 
T h i s i s accompanied, however, by a 3% l o s s i n 0-60 WOT 
a c c e l e r a t i o n time. 
I n s t e a d of r e d u c i n g t h e f i n a l d r i v e r a t i o , some motor 
m a n u f a c t u r e r s have m o d i f i e d t h e i r g e a r box r a t i o s t o g i v e top 
a s an o v e r d r i v e r a t i o . T h i s improves h i g h speed c r u i s e f u e l 
economy w i t h o u t any l o s s i n low s p e e d a c c e l e r a t i o n . But a s 
t h e top g e a r i s u s u a l l y d e s i g n e d t o a t t a i n t h e speed and 
t o r q u e c o n d i t i o n s c o r r e s p o n d i n g t o maximum power, t h i s 
m o d i f i c a t i o n of t h e top g e a r r e s u l t s i n maximum power and 
t h e r e f o r e maximum speed b e i n g no l o n g e r a t t a i n a b l e ( F i g 5.11). 
F i g 5.12 shows t h e Medium v e h i c l e f u e l consumption w h i l e 
c r u i s i n g i n e a c h gear, note the improvement i n f u e l economy a s 
g e a r i n g i n c r e a s e s . I t a l s o p r e s e n t s the c a s e f o r the 
employment of f i v e and s i x s p e e d g e a r boxes. The r e s u l t a n t 
improvement i n f u e l economy s h o u l d overcome any consumer 
r e s i s t a n c e a r i s i n g from l o s s of comfort a s s o c i a t e d w i t h 
m u l t i p l e g e a r s h i f t i n g . I n a d d i t i o n the s p e e d s a c h i e v a b l e i n 
o v e r d r i v e g e a r s a r e w e l l above the l e g a l speed l i m i t s . 
The urban (ECE 15) d r i v i n g r e s u l t s p r e s e n t e d so f a r have 
been o b t a i n e d by u s i n g t h e s t a n d a r d gear s h i f t s p e e d s of 
ECE 15 d r i v i n g c y c l e . The r e s u l t a n t engine o p e r a t i o n map 
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f o r t h e Medium v e h i c l e i s shown i n F i g 5.13. B e t t e r f u e l 
economies can be a c h i e v e d , however, by b e t t e r management 
of t h e g e a r box and t h e r e f o r e more e f f i c i e n t use of the 
engine. T a b l e 5.6 shows the optimum g e a r s h i f t v e l o c i t i e s 
f o r e a c h v e h i c l e o b t a i n e d by employment of the 'OPTGEAR" 
s u b r o u t i n e ( S e c t i o n 2 . 6 . 2 ) . Employment of the optimum 
s h i f t s c h e d u l e r e s u l t s i n t he engine o p e r a t i n g i n more 
e f f i c i e n t r e g i o n s ( F i g 5.14) and t h e r e f o r e i n b e t t e r 
f u e l economy (8-23%) a s shown i n T a b l e 5.7. The l a r g e 
v a r i a t i o n i n t h e e x t e n t of t h e s e improvements i s due t o the 
v a r y i n g e ngine s i z e s and t h e f i x e d g e a r s h i f t s p e e d s of the 
ECE-15 c y c l e . These r e s u l t s , however, r e f e r t o an i d e a l 
c a s e where by c o r r e c t usage of the gear box the d r i v e r 
o p t i m i z e s t he f u e l consumption r a t e s by a p p r o a c h i n g the i d e a l 
l i n e (CVT o p e r a t i n g s c h e d u l e ) a s much a s p o s s i b l e . But under 
t h e v a r y i n g c o n d i t i o n s of t r a f f i c t h e d r i v e r ' s a t t e n t i o n i s 
c o n c e n t r a t e d on e x t e r i o r e v e n t s and t h e r e f o r e cannot 
a d e q u a t e l y d e a l w i t h t h i s a d d i t i o n a l problem. Optimum gear 
s h i f t i n g c a n be a c h i e v e d , however, by means of an a u t o m a t i c 
g e a r box which s h i f t s g e a r r e l a t i v e t o l o a d and speed ( i e 
e l e c t r o n i c a l l y c o n t r o l l e d ) . 
F u e l economies o b t a i n a b l e by t h e v a r i o u s t r a n s m i s s i o n s 
proposed h e r e a r e compared i n T a b l e 5.8. F i v e speed manual 
g e a r boxes a r e a l r e a d y employed and a p r o g r e s s i o n t o a s i x 
s p e e d box i s p o s s i b l e . The a u t o m a t i c t r a n s m i s s i o n s a r e 
assumed t o have t h e same ge a r r a t i o s a s t he manual, i n o r d e r 
136 -
t o i s o l a t e the e f e c t of d i f f e r e n t gear r a t i o s on f u e l economy. 
I t i s a l s o assumed t h a t the a u t o m a t i c t r a n s m i s s i o n s employ a 
t o r q u e c o n v e r t e r w i t h l o c k - u p i n each gear. Four and f i v e 
s p e e d a u t o m a t i c t r a n s m i s s i o n s which s h i f t i n r e l a t i o n t o l o a d 
and speed have been developed (16) but a s i x speed a u t o m a t i c 
must be c o n s i d e r e d an u n l i k e l y c a n d i d a t e , not l e a s t due t o the 
s t a t e of development of c o n t i n u o u s l y v a r i a b l e t r a n s m i s s i o n s . 
The r e s u l t s of T a b l e 5.8 shows t h a t the f u e l economies of the 
a u t o m a t i c v e h i c l e a r e s l i g h t l y lower t h a n t h a t which c o u l d be 
a c h i e v e d by t he manual t r a n s m i s s i o n which i s due t o 
a u t o m a t i c ' s lower e f f i c i e n c y . 
5.4 F u e l C u t - Q f f a t I d l e and Overrun C o n d i t i o n s 
F u e l c u t - o f f d u r i n g i d l e or o v e r r u n c o n d i t i o n s has a l r e a d y 
been a c h i e v e d i n some v e h i c l e s ( S e c t i o n 1.5.3) w i t h the 
problem of engine warm-up and unburnt hydrocarbons s o l v e d by 
c o n t r o l s y s t e m s which o n l y a l l o w f u e l c u t - o f f on a warm 
engine. 
T a b l e 5.9 shows t h e improvements i n ECE 15 urban f u e l 
consumption so a c h i e v e d f o r t h e v e h i c l e s s t u d i e d here. 
I t s h o u l d be noted t h a t the s a v i n g s would v a r y a c c o r d i n g t o 
th e d r i v i n g c y c l e employed. F o r ECE 15 c y c l e , improvements of 
around 20% f o r f u e l c u t - o f f a t i d l e and 10% f o r f u e l c u t - o f f 
a t o v e r r u n c o n d i t i o n s a r e a h c i e v e d . F u e l s a v i n g s of about 30% 
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a r e o b t a i n a b l e by f u e l c u t - o f f a t both i d l e and o v e r r u n 
c o n d i t i o n s . I t s h o u l d be noted t h a t t h e s e e f f e c t s a r e 
a c h i e v e d by s e t t i n g f u e l consumption e q u a l t o z e r o a t t h e s e 
c o n d i t i o n s , and a r e t h e r e f o r e h i g h l y dependent on the v a l u e of 
f u e l consumption. 
5.5 E f f e c t of Engine S i z e on F u e l Economy 
Some motor m a n u f a c t u r e r s market t h e i r v e h i c l e s w i t h a range of 
engine s i z e s i n o r d e r t o reduce the range of components used 
and so m i n i m i s e m a n u f a c t u r i n g i n v e s t m e n t . T a b l e 5.10 shows 
t h e e f f e c t on f u e l economy of employing the t h r e e s t a n d a r d 
e n g i n e s ( w i t h t h e i r r e p s e c t i v e gear boxes) i n t h e t h r e e 
s t a n d a r d v e h i c l e s . The urban f u e l economy i s t h e most 
dependent on engine s i z e . T h i s i s because a t s u c h l i g h t l o a d 
c o n d i t i o n s t h e i n c r e a s e d l o a d f a c t o r of t he s m a l l e r e n g i n e s 
means o p e r a t i o n i n a more e f f i c i e n t r e g i o n of the engine a s 
shown i n F i g 5.15. On the o t h e r hand, the l a r g e r engine has a' 
g r e a t e r r e s e r v e of power a t a p a r t i c u l a r l o a d c o n d i t i o n and, 
t h e r e f o r e , a b e t t e r a c c e l e r a t i v e performance ( F i g 5.16). 
5. 6 E n g i n e Tmprovements 
F i g 5.17 shows the engine map f o r a modern t h r e e c y l i n d e r 
r e s e a r c h engine. Comparison w i t h the ' s t a n d a r d ' engine 
( F i g 5.16) shows improvements i n s p e c i f i c f u e l consumption 
a r i s i n g from improved c y l i n d e r s i z e and lower f r i c t i o n l o s s e s 
138 
which have a l s o r e s u l t e d i n the r e l a t i v e l y l a r g e a r e a s of 
c o n s t a n t e f f i c i e n c y . The e n g i n e has a l s o improved i g n i t i o n a t 
i d l e ( F C I = 0 . 1 g/s a s opposed t o 1.2 g / s ) . T a b l e 5.11 shows 
the f u e l consumption a v a i l a b l e on employment of t h i s engine i n 
t h e Mini and S m a l l v e h i c l e s . R e s u l t s f o r t h e Medium v e h i c l e 
a r e not p r e s e n t e d due t o the f a c t t h a t the r e s e a r c h engine 
c h a r a c t e r i s t i c s a r e known o n l y i n the 30-50 Kw power range. 
The e s t i m a t e d improvements i n o v e r a l l f u e l economy a r e 9-13% 
a p p r o x i m a t e l y . These c o r r e s p o n d t o f u e l s a v i n g s c i t e d i n the 
L i t e r a t u r e (13) a t 7-15% due t o t h e employment of b e t t e r 
c o n v e n t i o n a l e n g i n e s . 
5.7 C a n c l u s i o n s 
1. Normal v a r i a t i o n s i n ambient c o n d i t i o n s have a n e g l i g i b l e 
e f f e c t on v e h i c l e t r a c t i v e e f f o r t . 
2. Although g r a d i e n t and c o n s t a n t head wind have a l i n e a r 
r e l a t i o n s h i p w i t h power e x p e n d i t u r e , t h e i r e f f e c t on f u e l 
economy i s n o n - l i n e a r . 
3. 10% r e d u c t i o n i n c o e f f i c i e n t of r o l l i n g r e s i s t a n c e s or drag 
c o e f f i c i e n t c a n l e a d t o 1-3% improvement i n urban f u e l 
economy and 1-2% r e d u c t i o n i n o v e r a l l f u e l consumption. 
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4. 10% r e d u c t i o n i n mass l e a d s t o 3% r e d u c t i o n i n urban f u e l 
consumption and 2% improvement i n urban f u e l economy. 
5. A r e d u c t i o n (10%) i n f i n a l d r i v e r a t i o c o u l d r e s u l t i n 
improvements (up t o 5%) i n f u e l economy which i s 
accompanied however by a l o s s of a c c e l e r a t i v e performance 
(up t o 3% l o s s i n 0-60 mph WOT a c c e l e r a t i o n t i m e ) . 
6. A d d i t i o n of one or two o v e r d r i v e g e a r s t o the f o u r speed 
box c a n l e a d t o improvements of up t o 8% and 15% 
r e s p e c t i v e l y . 
7. B e t t e r g e a r box loanagement (gear s h i f t i n g ) can l e a d t o 
improvements of up t o 23% i n urban f u e l economy. 
8. By c u t t i n g f u e l o f f a t i d l e or a t i d l e and o v e r r u n 
c o n d i t i o n s , urban f u e l economy improvements of up t o 21% 
and 32% r e s p e c t i v e l y c o u l d be a c h i e v e d . 
9. Employment of a more e f f i c i e n t 3 - c y l i n d e r r e s e a r c h engine 
l e a d s t o r e d u c t i o n s of up t o 15% i n o v e r a l l f u e l 
consumption. 
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F u e l 
Economy 
(MPG) 
Figure 5.1 - E f f e c t of constant headwind on Fuel Economy 
of the sm a l l c a r . 
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I . C. ENGINE PERFQRKAirCE MAP 
X - S P E E D (RPM/1000); Y -BMEP ( P S D ; S F C - P T S / H P - H R 
140 00 0 49 0 49 0 49 0 49 0 47 0 48 0 49 0 49 0 49 0 49 
133 00 0 50 0 50 0 50 0 47 0 46 0 47 0 48 0 48 0 48 0 48 
126. 00 0 55 0 55 0 48 0 44 0 44 0 45 0 46 0 51 0 51 0 51 
119 00 0 55 0 52 0 46 0 45 0 45 0 46 0 47 0 49 0 51 0 51 
112 00 0 48 0 49 0 47 0 45 0 46 0 46 0. 47 0 49 0 50 0 53 
105. 00 0 42 0 48 0. 47 0. 46 0. 47 0 46 0. 47 0 49 0 50 0 53 
98. 00 0 44 0 47 0. 47 0. 47 0. 47 0 46 0. 47 0 50 0 50 0. 53 
91. 00 0 46 0. 48 0. 47 0. 48 0. 48 0 48 0. 48 0. 50 0 51 0. 54 
84. 00 0. 50 0. 48 0. 48 0. 49 0. 49 0. 49 0. 49 0. 51 0 51 0. 57 
77. 00 0. 50 0. 50 0. 49 0. 50 0. 51 0. 51 0. 51 0 51 0. 53 0. 59 
70. 00 0. 50 0. 52 0. 51 0. 50 0. 52 0. 52 0. 53 0. 54 0. 56 0. 56 
63. 00 0. 53 0. 53 0. 52 0. 54 0. 55 0. 55 0. 56 0. 56 0. 58 0. 58 
56. 00 0. 55 0. 57 0. 57 0. 58 0. 57 0. 58 0. 58 0. 60 0. 60 0. 60 
49. 00 0. 63 0. 60 0. 62 0. 61 0. 60 0. 61 0. 62 0. 64 0. 62 0. 64 
42. 00 0. 66 0. 64 0. 66 0. 64 0. 63 0. 64 0. 65 0. 69 0. 69 0. 67 
35. 00 0. 68 0. 67 0. 74 0. 73 0. 72 0. 73 0. 74 0. 80 0. 76 0. 80 
28. 00 0. 82 0. 82 0. 82 0. 81 0. 80 0. 82 0. 84 0. 90 0. 90 0. 90 
21. 00 1. 01 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 20 
14. 00 1. 72 1. 29 1. 33 1. 31 1. 30 1. 31 1. 35 1. 48 1. 51 1. 72 
0. 99 1. 48 1. 98 2. 48 3. 02 3. 52 4. 02 4. 51 5. 01 5. 50 
I , C. ENGINE FUEL USAGE MP 
X-SPEED (RPM/1000); Y-BMEP (PS I ) ; USAGE 
140 00 0. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
133 00 0. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0. 0 0. 0 
126 00 0. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0. 0 0. 0 
119 00 0. 0 0 0 0 0 0 0 0 0 0 0 0. 0 0 0 0. 0 0. 0 
112. 00 0. 0 0 0 0 0 0 0 0. 0 0. 0 0. 0 0 0 0. 0 0. 0 
105. 00 0. 0 0 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
98. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
91. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
84. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
77. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
70. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
63. 00 0. 0 0. 0 3. 1 1. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
56. 00 0. 0 1. 0 1. 5 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
49. 00 0. 0 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
42. 00 0. 0 3. 1 2. 6 1. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
35. 00 0. 0 1. 5 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
28. 00 0. 0 2. 6 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
21. 00 0. 0 2. 6 0. 0 6. 6 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
14. 00 0. 0 6. 6 4. 1 12. 2 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
0. 99 1. 48 1. 98 2. 48 3. 02 3. 52 4. 02 4. 51 5. 01 5. 50 
FIG 5.13 - Engine usage map of the Medium v e h i c l e d r i v e n 
over ECE-15 c y c l e ( s t a n d a r t d gear s h i f t s ) 
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I . C. EWGTtTE PERFORMANCE MAP 
X-SPEED (RPM/1000); Y-BMEP (PSI); SFC-PTS/HP-HR 
140. 00 0. , 49 0. 49 0. 49 0. 49 0, , 47 0. 48 0. 49 0. 49 0, , 49 0, 49 
133. 00 0, , 50 0. 50 0. 50 0. 47 0. , 46 0. 47 0. 48 0. 48 0. , 48 0. . 48 
126. 00 0, , 55 0. 55 0. 48 0. 44 0. 44 0. 45 0. 46 0. 51 0. , 51 0, 51 
119. 00 0. . 55 0. 52 0. 46 0. 45 0. 45 0. 46 0. 47 0. 49 0, , 51 0. . 51 
112. 00 0. 48 0. 49 0. 47 0. 45 0. 46 0. 46 0. 47 0. 49 0, , 50 0. 53 
105. 00 0. 42 0. 48 0. 47 0. 46 0. 47 0. 46 0. 47 0. 49 0, 50 0, 53 
98. 00 0. 44 0. 47 0. 47 0. 47 0. 47 0. 46 0. 47 0. 50 0. 50 0. 53 
91. 00 0. 46 0. 48 0. 47 0. 48 0. 48 0. 48 0. 48 0. 50 0. 51 0, 54 
84. 00 0. 50 0. 48 0. 48 0. 49 0. 49 0. 49 0. 49 0. 51 0. 51 0. 57 
77. 00 0. 50 0. 50 0. 49 0. 50 0. 51 0. 51 0. 51 0. 51 0. 53 0. 59 
70. 00 0. 50 0. 52 0. 51 0. 50 0. 52 0. 52 0. 53 0. 54 0. 56 0. 56 
63. 00 0. 53 0. 53 0. 52 0. 54 0. 55 0. 55 0. 56 0. 56 0. 58 0. 58 
56. 00 0. 55 0. 57 0. 57 0. 58 0. 57 0. 58 0. 58 0. 60 0. 60 0. 60 
49. 00 0. 63 0. 60 0. 62 0. 61 0. 60 0. 61 0. 62 0. 64 0. 62 0. 64 
42. 00 0. 66 0. 64 0. 66 0. 64 0. 63 0. 64 0. 65 0. 69 0. 69 0. 67 
35. 00 0. 68 0. 67 0. 74 0. 73 0. 72 0. 73 0. 74 0. 80 0. 76 0. 80 
28. 00 0. 82 0. 82 0. 82 0. 81 0. 80 0. 82 0. 84 0. 90 0. 90 0. 90 
21. 00 1. 01 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 20 
14. 00 1. 72 1. 29 1. 33 1. 31 1. 30 1. 31 1. 35 1. 48 1. 51 1. 72 
0. 99 1. 48 1. 98 2. 48 3. 02 3. 52 4. 02 4. 51 5. 01 5. 50 
I . C. ENGINE FUEL TOAGE MAP 
X-SPEED (RPM/1000); Y-BNEP (PS I ) ; USAGE 
140. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
133. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
126. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
119. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
112. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
105. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
98. 00 0. 0 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
91. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
84. 00 0. 0 0. 5 1. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
77. 00 0. 0 4. 6 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
70. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
63. 00 0. 0 1. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
56. 00 0. 0 1. 5 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
49. 00 0. 0 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
42. 00 0. 0 3. 1 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
35. 00 0. 0 1. 5 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
28. 00 0. 0 2. 6 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
21. 00 0. 0 21. 4 6. 1 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
14. 00 0. 0 0. 0 4. 1 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
0. 99 1. 48 1. 98 2. 48 3. 02 3. 52 4. 02 4. 51 5. 01 5. 50 
FIG 5.14 - Engine usage map of the Medium v e h i c l e d r i v e n 
over ECE-15 c y c l e w i t h optimum gear s h i f t s . 
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I . C. ENGINE FERFQRflANCE KAF 
X-SPEED (RPM/1000); Y-BMEP (PSI); SFC-PTS/HP-HR 
140. 00 0.53 0. 53 0. 53 0. 53 0. 53 0.53 0. 51 0. 51 0. 51 0. 51 0. 51 0. 51 
130. 00 0.51 0. 51 0. 51 0. 51 0. 49 0. 49 0.49 0. 50 0. 50 0. 50 0. 50 0. 50 
120. 00 0.57 0. 57 0. 50 0. 48 0.48 0. 48 0. 49 0. 49 0. 50 0. 53 0. 53 0. 53 
110. 00 0.57 0. 54 0. 49 0. 48 0. 48 0. 48 0. 49 0. 50 0. 50 0. 52 0. 55 0. 55 
100. 00 0.56 0. 53 0. 50 0. 49 0. 48 0. 49 0. 50 0. 51 0. 51 0. 52 0. 53 0. 58 
90. 00 0.56 0. 54 0. 51 0.50 0. 49 0. 49 0. 50 0. 52 0. 53 0. 53 0. 54 0. 55 
80. 00 0.57 0. 55 0. 53 0. 51 0. 50 0. 50 0. 51 0. 53 0. 54 0. 55 0. 56 0. 57 
70. 00 0.57 0. 56 0.54 0.53 0. 53 0. 52 0. 53 0. 55 0. 57 0. 58 0. 59 0. 60 
60. 00 0.59 0. 58 0. 56 0. 55 0. 55 0. 55 0. 56 0. 58 0. 60 0. 63 0. 63 0. 65 
50. 00 0.63 0. 60 0. 60 0. 59 0. 58 0. 59 0. 60 0. 63 0. 65 0. 68 0. 70 0. 70 
40. 00 0. 70 0. 68 0. 65 0. 65 0. 65 0. 65 0. 65 0. 68 0. 70 0. 75 0. 80 0. 80 
30. 00 0.80 0. 80 0. 75 0. 75 0. 75 0. 75 0. 80 0. 80 0. 85 0. 90 0. 95 1. 00 
20. 00 1. 00 1. 00 1. 00 0. 95 0. 95 1. 00 1. 00 1. 05 1. 10 1. 20 1. 30 1. 30 
10. 00 1.50 1. 50 1. 50 1. 50 1. 50 1. 50 1. 50 1. 50 1. 50 1. 70 1. 70 1. 70 
0. 75 1. 00 1. 50 2. 00 2. 50 3. 00 3. 50 4. 00 4. 50 5. 00 5. 50 6. 00 
I . C. ENGINE FUEL USAGE MAF 
X-SPEED (RPM/1000); Y-BMEP (PSI); SFC-PTS/HP-HR 
140. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
130. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0, 0 0. 0 0. 0 0. 0 0. 0 0. 0 
120. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
110. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
100. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
90. 00. 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
80. 00 0. 0 0. 0 0. 0 3. 1 0.5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
70. 00 0. 0 0. 0 0.5 1. 5 0.5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
60. 00 0. 0 0. 0 0.5 1. 5 1.5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
50. 00 0. 0 0. 0 4. 1 1. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
40. 00 0. 0 0. 0 2.6 1. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
30. 00 0. 0 0. 0 2.6 0. 0 6.6 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
20. 00 0. 0 0. 0 0. 0 7. 1 12.2 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
10. 00 0. 0 0. 0 0. 0 3. 6 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0.0 
0.75 1. 00 1.50 2. 00 2.50 3. 00 3. 50 4. 00 4. 50 5. 00 5. 50 6. 00 
PERCENTAGE TIME AT ENGINE IDLE/OFF - 49.0 
PERCENTAGE TIME COMP. BRAKING = 13.8 
I C ENGINE FUEL MAP USED-11 
FIG 5.15 M i n i engine (35kw) usage map by the Small c a r 
d r i v e n over ECE-15 c y c l e ( s t a n d a r d s h i f t s ) 
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I . C. ENGINE PERFQRMAgCE MP 
X-SPEED (RPM/1000); Y-BMEP (PSI); SFC-PTS/HP -HR 
140, , 00 0 . 49 0, , 49 0. 49 0 . 49 0 . 47 0. 48 0, . 49 0. , 49 0. , 49 0. , 49 
133. . 00 0 . 50 0, , 50 0. 50 0 . 47 0 . 46 0. 47 0. 48 0, , 48 0. , 48 0, , 48 
126. 00 0 . 55 0, , 55 0. 48 0 . 44 0 . 44 0. 45 0. 46 0, , 51 0, , 51 0. , 51 
119. 00 0 . 55 0. , 52 0. 46 0 . 45 0 . 45 0. 46 0. 47 0. , 49 0. , 51 0, , 51 
112. 00 0 . 48 0. . 49 0. 47 0 . 45 0 . 46 0. 46 0. 47 0. 49 0. , 50 0. . 53 
105. 00 0 . 42 0. 48 0. 47 0 . 46 0 . 47 0. 46 0. 47 0. 49 0, 50 0, , 53 
98. 00 0 . 44 0. 47 0. 47 0 . 47 0 . 47 0. 46 0. 47 0. 50 0. 50 0. , 53 
91. 00 0 . 46 0. 48 0. 47 0 . 48 0 . 48 0. 48 0. 48 0. 50 0. 51 0, , 54 
84. 00 0 . 50 0. 48 0. 48 0 . 49 0 . 49 0. 49 0. 49 0. 51 0. 51 0. 57 
77. 00 0 . 50 0. 50 0. 49 0 . 50 0 . 51 0. 51 0. 51 0. 51 0. 53 0. 59 
70. 00 0 . 50 0. 52 0. 51 0 . 50 0 . 52 0. 52 0. 53 0. 54 0. 56 0. 56 
63. 00 0 . 53 0. 53 0. 52 0 . 54 0 . 55 0. 55 0. 56 0. 56 0. 58 0. 58 
56. 00 0 . 55 0. 57 0. 57 0 . 58 0 . 57 0. 58 0. 58 0. 60 0. 60 0. 60 
49. 00 0, . 63 0. 60 0. 62 0 . 61 0 . 60 0. 61 0. 62 0. 64 0. 62 0. 64 
42. 00 0, . 66 0. 64 0. 66 0 . 64 0 . 63 0. 64 0. 65 0. 69 0. 69 0. 67 
35. 00 0. , 68 0. 67 0. 74 0 . 73 0 . 72 0. 73 0. 74 0. 80 0. 76 0. 80 
28. 00 0. , 82 0. 82 0. 82 0 . 81 0. . 80 0. 82 0. 84 0. 90 0. 90 0. 90 
21. 00 1. , 01 1. 00 1. 00 1 . 00 1, . 00 1. 00 1. 00 1. 00 1. 00 1. 20 
14. 00 1. , 72 1. 29 1. 33 1, . 31 1, , 30 1. 31 1. 35 1. 48 1. 51 1. 72 
0. , 99 1. 48 1. 98 2, . 48 3. . 02 3. 52 4. 02 4. 51 5. 01 5. 50 
I . C. ENGINE FUEL USAGE MAP 
x - s PEED (RPM/1000) ; Y -BMEP (PSI ) ; USAGE - % 
140 . 00 0 . 0 0. , 0 0, , 0 0, , 0 0. 0 0, 0 0. 0 0. , 0 0. 0 0. 0 
133 . 00 0 . 0 0, , 0 0. , 0 0. , 0 0. . 0 0. 0 0. 0 0. , 0 0. 0 0. 0 
126 . 00 0 . 0 0, , 0 0. , 0 0. , 0 0. 0 0. 0 0. 0 0, , 0 0. 0 0. 0 
119 . 00 0 . 0 0, , 0 0. , 0 0, , 0 0. 0 0. 0 0. 0 0. , 0 0. 0 0. 0 
112 . 00 0 . 0 0. . 0 0. , 0 0, , 0 0. 0 0. 0 0. 0 0. , 0 0. 0 0. 0 
105 . 00 0 . 0 0. 0 0. 0 0, , 0 0. 0 0. 0 0. 0 0. , 0 0. 0 0. 0 
98 . 00 0 . 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
91 . 00 0 . 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
84 . 00 0 . 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
77 . 00 0 . 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
70 . 00 0 . 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
63 . 00 0 . 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
56 . 00 0 . 0 0. 0 2. 0 1. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
49 . 00 0 , 0 0. 5 2. 6 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
42 . 00 0, . 0 0. 5 0. 0 1. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
35 . 00 0. . 0 3. 6 2. 6 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
28 . 00 0, . 0 1. 5 1. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
21 . 00 0. , 0 3. 6 0. 0 6. 6 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
14 . 00 0. , 0 0. 0 10. 7 12. 2 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
0. . 99 1. 48 1. 98 2. 48 3. 02 3. 52 4. 02 4. 51 5. 01 5. 50 
PERCENTAGE TIME AT ENGINE IDLE/OFF = 49.0 
PERCENTAGE TIME COMP. BRAKING = 13.8 
FIG 5.16 - Medium engine (55kw) usage map by the Small car 
d r i v e n over ECE-15 c y c l e ( s t a n d a r d s h i f t s ) . 
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I . C. ENGINE CHARACTERISTICS 
I . C. ENGINE PERFORMANCE LIMIT CURVE 




































I . C. ENGINE CYT OPERATING CURVE 

































00 0. 00 0.00 0. 
00 0.00 0.47 0, 
00 0.49 0.47 0, 
55 0.49 0.47 0. 
55 0.49 0.48 0, 
55 0.49 0.49 0, 
55 0.51 0.50 0. 
57 0.55 0.53 0. 
60 0.57 0.56 0. 
70 0.60 0.59 0. 
80 0.72 0.67 0. 
07 0.88 0.78 0. 
37 1.18 1.00 0. 
97 1.80 1.50 1. 
50 0.75 1.00 1. 
Y-BMEP 









58 0.56 0. 



















































































FIG 5.17 - The performance map of a 3 - c y l i n d e r r e s e a r c h 
engine. 
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Energy E x p e n d i t u r e (%) due t o 
V e h i c l e 
D r i v i n g 
Cycle A c c e l e r a t i o n 
R o l l i n g 
Resi stance 
A i r 
Drag 
ECE-15 51.6 32. 8 15. 6 
M i n i 
56 mph — 26. 2 73. 8 
75 mph — 16. 5 83. 5 
O v e r a l l * 20. 6 27. 9 51. 5 
ECE-15 52. 7 33. 4 13. 9 
Small 
56 mph — 28. 7 71. 3 
75 mph — 18. 4 81. 6 
Ove r a l 1 21. 1 29. 5 49. 4 
ECE-15 53. 8 34. 0 12. 2 
Medi um 
56 mph — 32. 0 68. 0 
75 mph -- 20. 8 79. 2 
Ove r a l 1 21.5 31. 7 46. 8 
» O v e r a l l (ECE-15 40%, 56 mph 50%, 75 mph 10%) 
TABLE 5 . 1 - A p p o r t i o n i n g o f energy e x p e n d i t u r e 
of t h e t h r e e s t a n d a r d v e h i c l e s . 
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V e h i c l e ECE-15 56 mph 75 mph Overal1 
M i n i 1.3 1.6 0. 9 1. 4 
Small 1. 4 1.9 1.3 1.6 
Medium 3. 3 1. 5 1.6 2. 2 
TABLE 5.2 - Improvement i n f u e l economy (%) o b t a i n a b l e by 
10% r e d u c t i o n i n r o l l i n g r e s i s t a n c e c o e f f i c i e n t . 
V e h i c l e ECE-15 56 mph 75 mph Overal1 
M i n i 2. 6 1. 6 0. 7 1.9 
Small 2.8 1. 9 1.3 2.2 
Medium 2.6 1. 4 1. 0 1.8 
TABLE 5.3 - E f f e c t o f 10% r e d u c t i o n i n weight 
on ' e x i s t i n g ' v e h i c l e s f u e l economy (%) 
159 
V e h i c l e ECE-15 56 mph 75 mph 
Min i 7 5 4 
Small 7 5 4 
Medium 7 5 6 
TABLE 5.4 - E f f e c t of 10% weight r e d u c t i o n on f u e l economy (%) 
when a p p l i e d i n ' a l l new' v e h i c l e s . 
V e h i c l e ECE-15 56 mph 75 mph 
Mi n i 1. 3 1. 6 0 9 
Small 1. 4 1.9 1. 3 
Medi um 3.3 1.5 1. 6 
TABLE 5.5 - Improvement i n f u e l economy (%) 
o b t a i n a b l e by 10% r e d u c t i o n i n Drag C o e f f i c i e n t , 
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Gear S h i f t s M i n i Small Medium ECE-15 
Standard S h i f t s 
1st t o 2nd 7. 4 9.3 10. 5 10. 7 
2nd t o 3 r d 11.5 14. 2 16. 1 21. 7 
3 r d t o 4 t h 16. 0 18. 4 20. 9 -
TABLE 5.6 - Optimum and s t a n d a r d (ECE-15) gear s h i f t 
v e l o c i t i e s (mph) f o r the t h r e e v e h i c l e s t u d i e s . 
Standard (ECE-15) Opt i mu m 
% improve 
V e h i c l e f . c. engi ne f . c. engi ne ment 
(mpg) e f f i c i e n c y (mpg) e f f i c i e n c y i n f . c. 
(%) (%) 
M i n i 41. 8 12. 5 51. 3 14. 0 22. 7 
Small 39. 5 12. 7 42. 9 13. 1 8. 6 
Medium 34. 5 12. 6 37. 1 13. 1 7.5 
TABLE 5.7 - Urban f u e l consumption and engine e f f i c i e n c y 
a c h ieved by s t a n d a r d and optimum gear s h i f t s . 
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Fuel economy (mpg) 
using ECE-15 gear s h i f t s 
ECE15 56 mph 
c r u i s e 
75 mph 
c r u i s e 
Over 
- a l l 
f .c 
Transmission Type 
Fuel economy (mpg) using 
optimum gear s h i f t s 
ECE15 56 mph 
c r u i s e 
75 mph 
c r u i s e 
Over 
- a l l 
f .c 
51.2 39. 1 43.3 
4-speed 
c r u i s e i n 1:1 51.2 39. 1 44.4 
34.5 Manual 37. 1 
54.9 42.5 45.5 
63. 1 45.5 49.9 
5-speed 
c r u i s e i n 0.8:1 
6-speed 
c r u i s e i n 0.6:1 
54.9 42.5 46.5 
63.1 45.5 50.9 
50. 4 38.7 42.7 
34. 1 
54.6 42.3 45.2 
62.7 45.1 49.5 
4- speed 
c r u i s e i n 1:1 
Automatic 
5- speed 
c r u i s e i n 0.8: 1 
6- speed 
c r u i s e i n 0.6:1 
50.4 38.7 43.8 
36.8 
54.6 42.3 46.3 
62.7 45. 1 50.6 
TABLE 5.8 - Fuel economy, obtainable by v a r i o u s stepped tr a n s m i s s i o n 
designs f o r the Medium car. 
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V e h i c l e Normal Fuel c u t o f f a t i d l e Fuel cut o f f a t i d l e 
Ope I — and overrun 
- a t i on 
mpg f. c. % improvement f. c. % improvement 
M i n i 41. 8 49. 4 18. 2 53. 8 28. 7 
Smal 1 39. 5 47. 4 20. 0 52. 1 31.9 
Medi urn 34. 5 41.7 20. 8 45. 3 31. 3 
TABLE 5.9 - E f f e c t of f u e l c u t - o f f a t i d l e and ov e r r u n 
c o n d i t i o n s on urban f u e l consumption. ( A l l urban 
r e s u l t s r e f e r t o EEC-15 d r i v i n g c y c l e and i t s 
s t a n d a r d g e a r - s h i f t s ) 
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V e h i c l e Dr i v i ng Cycle Standard engine employed: 
Mi n i Small Medi um 
(35 kw) (40 kw) (55 kw) 
EEC-15 41 8 37 6 32. 1 
+ I d l e 49 4 44 7 37. 8 
+ I d l e a i o v e r r u n 53 4 48 8 41. 2 
M i n i 
56 mph 55 5 50 2 43. 5 
75 mph 38 7 36. 8 34. 0 
EEC-15 44 1 39 5 35. 5 
+ I d l e 53 1 47. 4 41. 1 
+ I d l e 8 { o v e r r u n 57 7 52 1 44. 6 
Smal 1 
56 mph 59 1 53. 5 47. 6 
75 mph 41 7 39. 7 37. 0 
ECE-15 43. 6 39. 1 34. 5 
+ I d l e 52. 4 46. 8 41. 7 
+ I d l e 8 5 o v e r r u n 56. 8 51. 4 45. 3 
Medi um 
56 mph 60. 4 55. 2 51. 2 
75 mph 42. 2 41. 4 39. 1 
Table 5.10 E f f e c t of v a r i a t i o n s i n engine s i z e 
on f u e l consumption. 
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Urban D r i v i n g (ECE-15) Steady s t a t e c r i u s e 
V e h i c l e 
Normal I d l e * I d l e t * * 56 mph 75 mph 
Fuel 
Consumpt i on 46. 1 53. 0 57. 3 61. 6 45. 9 
(mpg) 
M i n i 
i mprovement 10. 2 7.3 7.3 11. 0 18. 6 
i n f . c . (%) 
Fuel 
Consumpt i on 45. 5 53. 1 58. 1 61.5 46. 4 
(mpg) 
Smal 1 
i mprovement 15. 2 12. 0 11.5 15. 0 16. 9 
i n f . c . (%) 
* I d l e - Fuel c u t o f f a t i d l e 
** I d l e + - Fuel c u t o f f a t i d l e and o v e r r u n 
TABLE 5.11 Fuel Consumption (mpg) a v a i l a b l e 
on employment of the r e s e a r c h engine 
and t h e improvements (%) achieved 
over f u e l economy of e x i s t i n g engines. 
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C H A P T E R S I X 
E V A L U A T I O I f OF C V T s FOR P A S S E N G E R C A R S 
6 E v a l u a t i o n of CVTs For Passenger C f l r c ^ 
T h i s c h a p t e r i s t o i n v e s t i g a t e whether p r e s e n t l y a v a i l a b l e 
CVTs can improve t h e v e h i c l e f u e l economy by r e s t r i c t i n g the 
engine o p e r a t i o n a l o n g t he l o c u s of i t s minimum BSFC p o i n t s . 
The p o s s i b i l i t y o f r e d u c i n g t h e v e h i c l e power r a t i n g w i t h o u t a 
l o s s i n a c c e l e r a t i v e performance i s a l s o i n v e s t i g a t e d . This 
a r i s e s f r o m CVT's a b i l i t y t o enable t he engine t o r u n a t peak 
power r a t h e r t h a n f l u c t u a t i n g w i t h r oad speed as do the 
c o n v e n t i o n a l v e h i c l e s . 
6. 1 CVT V e h i c l e Design and Performance. 
( V I t h Same Power R a t i n g ) 
The assumptions made here are t h a t a l l t h e t r a n s m i s s i o n s 
t o be t e s t e d have t h e same weight, occupy the same space a^ 
the manual gear box and t h a t t h e CVT v e h i c l e r e q u i r e s 
t h e same power as t h e c o n v e n t i o n a l v e h i c l e . The CVTs w i l l 
r e p l a c e t h e manual gear box, t h e r e f o r e , w i t h o u t any 
change i n o t h e r v e h i c l e d ata except t h e f i n a l d r i v e r a t i o 
and t h e a d d i t i o n o f an i n i t i a l r e d u c t i o n r a - t i o when necessary 
( i e f o r T r a n s m a t i c ) . 
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6.1.1 CVT V e h i c l e Design C o n s i d e r a t i o n s 
I n o r d e r t o enable the engine t o operate a l o n g i t s optimum 
o p e r a t i n g curve a t e v e r y c o n d i t i o n of l o a d and speed, the CVT 
s h o u l d be a b l e t o c o n t i n u o u s l y p r o v i d e gear r a t i o s between the 
h i g h g e a r i n g r e q u i r e d f o r steady s t a t e c r u i s i n g and the low 
g e a r i n g r e q u i r e d f o r a c c e l e r a t i o n . 
Table 6.1 shows t h e h i g h e s t g e a r i n g r e q u i r e d f o r each car t o 
ensure t h a t t h e engine o p e r a t i n g schedule i s met a t every 
s t e a d y s t a t e c r u i s e c o n d i t i o n . These values are dependent on 
CVT e f f i c i e n c y which f o r t h i s c a l c u l a t i o n was assumed a t 85%. 
Also shown i s t h e lowest g e a r i n g needed by these v e h i c l e s 
which i s s e t equal t o t h a t of t h e comparable c o n v e n t i o n a l 
v e h i c l e ( i e f i n a l d r i v e r a t i o x f i r s t gear r a t i o ) t o g i v e 
s i m i l a r low speed a c c e l e r a t i o n and a b i l i t y t o overcome 
g r a d i e n t . From t h e lowest and h i g h e s t g e a r i n g requirements, 
t h e o v e r a l l r a t i o spread needed f o r each car i s e v a l u a t e d and 
shown i n Table 6.1. 
Table 6.2 shows t h e g e a r i n g c a p a b i l i t i e s of the CVTs s e l e c t e d . 
Comparison of t h e o v e r a l l r a t i o spreads of F i g s 6.1 and 6.2 
shows t h a t t h e two t r a c t i o n d r i v e s can p r o v i d e t h e r e q u i r e d 
r a t i o spread. A l t h o u g h the HMT has a s m a l l e r o v e r a l l r a t i o 
s pread a t f u l l l o a d t h a n t h a t r e q u i r e d , i t s r a t i o spread a t 
lower l o a d s i s wider ( k i n e m a t i c r a t i o range of 100:1) and 
s h o u l d , t h e r e f o r e , be a b l e t o meet t h e g e a r i n g requirement of 
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Table 6.1. The Transmatic has a much s m a l l e r o v e r a l l r a t i o 
spread t h a n t h a t r e q u i r e d and a l t h o u g h the engine o p e r a t i n g 
schedule can be met, t h e v e h i c l e a c c e l e r a t i v e performance may 
be reduced. 
For each v e h i c l e t h e f i n a l d r i v e r a t i o r e q u i r e d can be 
e v a l u a t e d by d i v i d i n g the h i g h e s t g e a r i n g r e q u i r e d by the 
h i g h e s t gear of t h e employed CVT. I t should be noted t h a t the 
h i g h e s t g e a r i n g r e q u i r e d depends on the CVT e f f i c i e n c y and 
t h e r e f o r e d i f f e r s f o r each type of CVT employed i n the 
v e h i c l e . 
Table 6.3 shows t h e f i n a l d r i v e r a t i o s s e l e c t e d f o r each CVT 
v e h i c l e t o g i v e t h e g e a r i n g r e q u i r e m e n t s d e s c r i b e d . The 
i n i t i a l r e d u c t i o n gears employed i n between the engine and 
t r a n s m a t i c ( t o reduce speed i n p u t and t h e r e f o r e improve CVT 
e f f i c i e n c y ) are a l s o shown. These gears were s e l e c t e d so t h a t 
t h e t o r q u e i n p u t t o t h e Transmatic does not exceed the torque 
l i m i t a t 130 NM (as s e t by d e s i g n i n Ref 38) a t any c o n d i t i o n 
of l o a d and speed. I t s h o u l d be noted t h a t t h i s t o r q u e l i m i t 
can be s e t by t h e user i f r e q u i r e d . 
6.1.2 Urban F u e l Ecpnomy 
Tables 6.4 t o 6.6 compare the t r a n s m i s s i o n e f f i c i e n c i e s and 
f u e l economy of t h e c o n v e n t i o n a l and CVT v e h i c l e s over the 
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ECE 15 d r i v i n g c y c l e . The CVTs have a lower e f f i c i e n c y than 
t h e manual gear box and, t h e r e f o r e , t h e engine of t h e CVT car 
has t o produce more power. Fuel economy improvements are 
ach i e v e d however due t o t h e h i g h e r engine e f f i c i e n c i e s 
o b t a i n e d by o p e r a t i o n a l o n g t he engine's optimum o p e r a t i n g 
curve ( F i g 6.1) as opposed t o engine o p e r a t i o n d i c t a t e d by the 
f i x e d gears o f t h e c o n v e n t i o n a l t r a n s m i s s i o n ( F i g 6.2). 
I t was shown e a r l i e r (Chapter 5) t h a t t h e urban f u e l economy 
of a c o n v e n t i o n a l v e h i c l e depends h i g h l y on the gear s h i f t 
speeds. The CVT v e h i c l e f u e l economy i s t h e r e f o r e compared 
w i t h t h e best p o s s i b l e f u e l consumption of the c o n v e n t i o n a l 
v e h i c l e and not t h a t imposed by t h e ECE 15 s t a n d a r d gear 
s h i f t s . 
The B. L. Perbury o f f e r s t r a n s m i s s i o n average c y c l e 
e f f i c i e n c i e s i n t h e range 83% t o 85% and f u e l economy 
improvements f r o m 3.5% t o 6.7% over t h e range of c a r s 
c o n s i d e r e d . V e h i c l e s employing t h e cone r o l l e r t o r o i d a l d r i v e 
achieve h i g h e r improvements i n urban f u e l economy ( 5 . 1 % t o 
7.8%) t h a n t he Perbury v e h i c l e s due t o t h e i r h i g h e r CVT 
e f f i c i e n c i e s (90% t o 9 3 % ) . 
The Orshanskey's HMT as expected has a poorer e f f i c i e n c y than 
t h e o t h e r s e l e c t e d CVTs and t h e f u e l economy improvements 
a c h i e v e d by i t s employment are t h e r e f o r e l e s s (0.4% t o 3.8%). 
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A l t h o u g h t he Transmatic's average urban e f f i c i e n c y i s s l i g h t l y 
l ower t h a n t he Perbury, i t a c h i e v e s b e t t e r f u e l economies. 
T h i s i s due t o Transmatic's b e t t e r e f f i c i e n c y a t the very low 
power l e v e l s . The improvements i n urban f u e l economy achieved 
by employment of Transmatic range f r o m 3.3% t o 6.5%. 
I n c o n c l u s i o n , d e s p i t e t h e i r lower e f f i c i e n c i e s , employment of 
CVTs t e s t e d can l e a d t o urban f u e l economy improvements of up 
t o 8% due t o t h e i r more e f f i c i e n t use of the engine. 
6.1.3 Steady S t a t e C r u i s e Fuel Consumptjnn 
F i g 6.3 shows a comparison of t h e m i n i car f u e l economy when 
employing t h e c o n v e n t i o n a l f o u r speed gear box and t r a n s m a t i c 
CVT. I n o r d e r t o a v o i d t he problem o f gear s h i f t p o i n t s f o r 
the c o n v e n t i o n a l gear box t h e r e s u l t s are g i v e n f o r a range of 
f i x e d speeds. 
A s i m i l a r comparison f o r t h e s m a l l v e h i c l e when employing the 
manual f o u r speed and Perbury i s shown i n F i g 6.4. I t i s 
e v i d e n t t h a t a t any c o n s t a n t road speed, s e l e c t i o n of a h i g h e r 
gear l e a d s t o an Improvement i n f u e l economy due t o the 
i n c r e a s e d l o a d f a c t o r . I t s h o u l d be noted, however, t h a t a 
h i g h e r engine l o a d f a c t o r l e ads t o a lower a c c e l e r a t i v e 
a b i l i t y . F i g 6.4 shows t h a t t h e employment of Perbury leads 
t o an improvement of about 12% t o 30% i n f u e l economy f o r the 
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range of speeds between 28-75 mph. These p r e d i c t i o n s of f u e l 
economy improvements correspond t o the measured improvements 
found i n the l i t e r a t u r e ( 4 2 ) . 
F i g 6.5 compares t h e e f f e c t o f employment of s i x speed gear 
box and t h e Perbury f o r t h e s m a l l car. The Perbury v e h i c l e has 
a c l e a r advantage over t h e speed range of 20-50 mph. At the 
h i g h e r road speeds, however, t h e employment of a s i x speed 
gear box leads t o b e t t e r f u e l economy due t o t h e gear box's 
s u p e r i o r e f f i c i e n c y . 
The steady s t a t e f u e l consumptions a v a i l a b l e i n employment of 
t h e o t h e r CVTs ar e shown i n F i g s 6.6 and 6.7. The CVT 
v e h i c l e s ' f u e l consumption v a r y s l i g h t l y depending on t h e i r 
t r a n s m i s s i o n e f f i c i e n c y and t h e best f u e l economies are 
o b t a i n e d a t speeds between 30-40 mph f o r the range of v e h i c l e s 
c o n s i d e r e d . 
6.1.4 O v e r a l l Fuel Economy 
Tables 6.7 t o 6.9 compare t h e f u e l economies of v e h i c l e s when 
employing t h e c o n v e n t i o n a l f o u r speed gear box and the 
s e l e c t e d CVTs. Als o i n c l u d e d are the r e s u l t s f o r f i v e and s i x 
speed manual t r a n s m i s s i o n . 
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The urban f u e l economy i s s e t equal f o r a l l t h e manual 
t r a n s m i s s i o n s as t h e i r f i r s t f o u r gears are i d e n t i c a l and a 
s h i f t beyond f o u r t h gear d u r i n g urban d r i v i n g c o n d i t i o n s must 
be c o n s i d e r e d u n p r a c t i c a l . 
The employment of CVT i n the range of v e h i c l e s c o n s i d e r e d 
o f f e r s improvements i n o v e r a l l f u e l economy between 6.7% t o 
23.2% over t h e best p o s s i b l e f u e l economy w i t h a c o n v e n t i o n a l 
f o u r speed gear box. T h i s improvement reduces t o 0.3% t o 
17.6% when compared w i t h t h e f i v e speed manual t r a n s m i s s i o n s . 
Employment of t h e s i x speed gear box can r e s u l t i n b e t t e r f u e l 
economies t h a n o b t a i n a b l e by t h e r e l a t i v e l y l e s s e f f i c i e n t 
CVTs l i k e t h e HMT. Employment of the more e f f i c i e n t CVTs can, 
however, o f f e r improvements of up t o 7.5% or the s i x speed 
gear box. 
I n g e n e r a l , t h e s m a l l e s t improvements i n o v e r a l l f u e l economy 
are o b t a i n e d by employment of t h e HMT and the h i g h e s t i n u s i n g 
t h e CRTD. 
6.1.5 CVT V e h i c l e Perfprmance 
I n WOT a c c e l e r a t i o n t h e engine speed of the c o n v e n t i o n a l 
v e h i c l e and t h e r e f o r e power a v a i l a b l e i n engine and a t road 
wheels f l u c t u a t e w i t h road speed due t o i t s f i x e d g e a r i n g 
t r a n s m i s s i o n w h i l e v e h i c l e s employing a CVT can a f t e r a 
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c e r t a i n road speed s u p p l y peak power c o n t i n u o u s l y . Therefore 
i n employment o f CVTs an improvement i n a c c e l e r a t i v e 
performance may be achieved. Tables 6.10 t o 6.12 compare the 
performance o b t a i n e d i n employment of the s e l e c t e d CVTs w i t h 
t h e c o n v e n t i o n a l v e h i c l e s over t he range of v e h i c l e s 
c o n s i d e r e d here. C l e a r l y , t h e employment of e i t h e r of the 
t r a c t i o n d r i v e s improves v e h i c l e a c c e l e r a t i v e performance. 
T h i s i s due t o t h e i r r e l a t i v e l y h i g h e f f i c i e n c y and wide gear 
r a t i o range. 
The v e h i c l e s employing t he HMT have a poorer performance than 
t h e c o n v e n t i o n a l manual gear box v e h i c l e s . T h i s i s due t o 
HMT's poor e f f i c i e n c y a t h i g h power l e v e l s . The HMT v e h i c l e s 
performance found by s i m u l a t i o n are comparable t o t h a t i n 
l i t e r a t u r e (40) which c l a i m s an a c c e l e r a t i v e performance 
comparable t o a v e h i c l e w i t h an a u t o m a t i c gear box. 
The v e h i c l e s u s i n g t he Transmatic t r a n s m i s s i o n o f f e r a poor 
a c c e l e r a t i v e performance which a r i s e s f r o m t h i s CVT's 
r e l a t i v e l y narrow r a t i o spread. 
F i n a l l y , as f a r as the maximum speed r e s u l t s are concerned, 
a l l t h e CVTs s e l e c t e d except t ^ e HMT can achieve s i m i l a r 
speeds as t h a t o f t h e r e s p e c t i v e c o n v e n t i o n a l v e h i c l e s . 
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6. 2 Reduction i n Engine Power R a t i n g 
I t has been shown t h a t t h e employment of t h e two t r a c t i o n 
d r i v e s can l e a d t o improvements i n v e h i c l e a c c e l e r a t i o n . 
A r e d u c t i o n i n engine power r a t i n g f o r the v e h i c l e s employing 
these CVTs c o u l d , t h e r e f o r e , be achieved w i t h o u t any r e d u c t i o n 
i n v e h i c l e a c c e l e r a t i v e performance. The s m a l l e r engine 
i n c r e a s e s t h e engine l o a d f a c t o r f u r t h e r i m p r o v i n g engine 
e f f i c i e n c y i n urban c o n d i t i o n s . Tables 6.13 t o 6.15 show the 
amount t o which engine power r a t i n g c o u l d be reduced t o o b t a i n 
t h e same a c c e l e r a t i o n performance as the c o n v e n t i o n a l v e h i c l e . 
The r e d u c t i o n i n engine power r a t i n g leads t o a r e d u c t i o n i n 
v e h i c l e maximum speed as shown. I f the r e d u c t i o n i n maximum 
speed i s c o n s i d e r e d u n i m p o r t a n t and engines of lower power 
r a t i n g s are employed i n the CVT v e h i c l e s , f u r t h e r improvements 
i n v e h i c l e f u e l economy are o b t a i n e d as shown i n Tables 6.16 
t o 6. 18. The r e s u l t s p r e s e n t e d show t h a t engine power r a t i n g 
c o u l d be reduced by a t y p i c a l v a l u e of 1 1 % which f u r t h e r 
improves t h e CVT v e h i c l e f u e l economy by a t y p i c a l value of 
2.5% compared w i t h the c o n v e n t i o n a l v e h i c l e . T h i s f u r t h e r 
improvement i n f u e l economy can be d e t e c t e d by comparing 
F i g s 6.5 and 6.8. I n c o n c l u s i o n the CVT v e h i c l e w i t h reduced 
power r a t i n g can achieve f u e l economy improvements of around 
18%, when compared w i t h t h e c o n v e n t i o n a l v e h i c l e s of the same 
a c c e l e r a t i v e performance. 
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6.3 Conclusions ^sUuuld I L l b be 0.0?) 
1. I f p r e s e n t CVTs p l u s t h e i r c o n t r o l systems have the same 
weight as a c o n v e n t i o n a l manual t r a n s m i s s i o n , when employed 
w i t h t h e same power r a t i n g , t h e y can: 
a) improve urban (ECE 15) f u e l economy up t o 8% over 
the best o b t a i n a b l e by manual t r a n s m i s s i o n ; 
b) improve steady s t a t e c r u i s e f u e l economy over t h a t 
o b t a i n e d by a f i v e speed manual t r a n s m i s s i o n ; 
c) improve steady s t a t e c r u i s e f u e l economy i n the range 
20-50 mph over t h a t o b t a i n e d by a s i x speed manual 
t r a n s m i s s i o n ; 
d) improve o v e r a l l f u e l economy by: 
7% t o 23% over t he best o b t a i n a b l e by 
f o u r speed manual; 
0% t o 18% over t h e best achieved by 
f i v e speed manual; 
- 5 . 1 % t o 7.5% over t h e best o b t a i n e d by 
a s i x speed t r a n s m i s s i o n ; 
e) improve v e h i c l e a c c e l e r a t i o n by about 11%. 
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2. The a c c e l e r a t i v e performance of a CVT v e h i c l e i s 
dependent on: 
a) CVT e f f i c i e n c y ; 
b) CVT o v e r a l l gear r a t i o range; 
c) engine maximum power and o p e r a t i n g schedule. 
3. When a t r a c t i o n d r i v e i s employed, engine power r a t i n g 
c o u l d be t y p i c a l l y reduced by about 1 1 % w i t h o u t any l o s s 
i n a c c e l e r a t i v e performance. T h i s i s accompanied however 
by a r e d u c t i o n i n maximum v e h i c l e speed of up t o 7%. 
4. A v e h i c l e employing a CVT and a lower power r a t i n g (same 
a c c e l e r a t i v e performance) can improve urban f u e l 
consumption by 5-16% and the o v e r a l l f u e l economy by 
12%-27% when compared w i t h the best o b t a i n e d by a 
f o u r speed manual t r a n s m i s s i o n . 
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I . C. ENGIUE PERFORMANCE MAP 
X-SPEED (RPM/1000); Y-BMEP (PSI); SFC-PTS/HP-HR 
140.00 0.49 0.49 0.49 0.49 0.47 0.48 0.49 0.49 0.49 0.49 
133.00 0.50 0.50 0.50 0.47 0.46 0.47 0.48 0.48 0.48 0.48 
126.00 0.55 0.55 0.48 0.44 0.44 0.45 0.46 0.51 0.51 0.51 
119.00 0.55 0.52 0.46 0.45 0.45 0.46 0.47 0.49 0.51 0.51 
112.00 0.48 0.49 0.47 0.45 0.46 0.46 0.47 0.49 0.50 0.53 
105.00 0.42 0.48 0.47 0.46 0.47 0.46 0,47 0.49 0.50 0.53 
98.00 0.44 0.47 0.47 0.47 0.47 0.46 0.47 0.50 0.50 0.53 
91.00 0.46 0.48 0.47 0.48 0.48 0.48 0.48 0.50 0.51 0.54 
84.00 0.50 0.48 0.48 0.49 0.49 0.49 0.49 0.51 0.51 0.57 
77.00 0.50 0.50 0.49 0.50 0.51 0.51 0.51 0.51 0.53 0.59 
70.00 0.50 0.52 0.51 0.50 0.52 0.52 0.53 0.54 0.56 0.56 
63.00 0.53 0.53 0.52 0.54 0.55 0.55 0.56 0.56 0.58 0.58 
56.00 0.55 0.57 0.57 0.58 0.57 0.58 0.58 0.60 0.60 0.60 
49.00 0.63 0.60 0.62 0.61 0.60 0.61 0.62 0.64 0.62 0.64 
42.00 0.66 0.64 0.66 0.64 0.63 0.64 0.65 0.69 0.69 0.67 
35.00 0.68 0.67 0.74 0.73 0.72 0.73 0.74 0.80 0.76 0.82 
28.00 0.82 0.82 0.82 0.81 0.80 0.82 0.84 0.90 0.90 0.90 
21.00 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.20 
14.00 1.72 1.29 1.33 1.31 1.30 1.31 1.35 1.48 1.51 1.72 
0.99 1.48 1.98 2.48 3.02 3.52 4.02 4.51 5.01 5.50 
I . C. ENGINE FUEL USAGE MP 
X-SPEED (RPM/1000); Y-BMEP (PSI); USAGE 
140 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
133 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
126 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
119 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
112 00 0 0 0 0 0. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
105 00 0 0 0 0 0. 0 0 0 0 0 0 0 0 0 0 0 0. 0 0 0 
98 00 0 0 0 0 0. 0 0 0 0. 0 0 0 0. 0 0. 0 0. 0 0 0 
91. 00 0. 0 0 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
84. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
77. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
70. 00 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
63. 00 0. 0 0. 0 3. 1 1. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
56. 00 0. 0 1. 0 1. 5 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
49. 00 0. 0 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
42. 00 0. 0 3. 1 2. 6 1. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
35. 00 0. 0 1. 5 0. 5 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
28. 00 0. 0 2. 6 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
21. 00 0. 0 2. 6 0. 0 6. 6 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
14. 00 0. 0 6. 6 4. 1 12. 2 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 
0. 99 1. 48 1. 98 2. 48 3. 02 3. 52 4. 02 4. 51 5. 01 5. 50 
FIG 6 . 1 - Engine usage map of the Medium c ar 
d r i v e n over ECE-15 c y c l e ( s t a n d a r d gear s h i f t s ) 
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I . C. ENOTTJF PRPFQRMAWCR WAP 
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. 00 1 
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. 46 0 
. 44 0 
. 45 0 
.46 0 
. 47 0 
. 47 0 
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, 57 0 
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48 0.49 0.49 0.49 0.49 
47 0.48 0.48 0.48 0.48 
. 45 0. 46 0. 51 0. 51 0.51 
.46 0.47 0.49 0.51 0.51 
.46 0.47 0.49 0.50 0.53 
.46 0.47 0.49 0.50 0.53 
. 46 0. 47 0. 50 0. 50 0. 53 
. 48 0. 48 0. 50 0.51 0. 54 
.49 0.49 0.51 0.51 0.57 
.51 0.51 0.51 0.53 0.59 
.52 0.53 0.54 0.56 0.56 
.55 0.56 0.56 0.58 0.58 
. 58 0. 58 0. 60 0.60 0. 60 
.61 0.62 0.64 0.62 0.64 
.64 0.65 0,69 0,69 0.67 
.73 0.74 0.80 0.76 0.82 
. 82 0. 84 0. 90 0. 90 0, 90 
.00 1.00 1.00 1.00 1.20 
.31 1. 35 1. 48 1.51 1. 72 
5.01 5.50 52 4.02 4.51 
I . C. ENGIKE FUEL USAGE MAP 
X-SPEED (RPM/1000) ; Y-BMEP (P SI) ; u s AGE - % 
140 00 0 0 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 
133 00 0 0 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 
126 00 0 0 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 
119 00 0 0 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 
112 00 0 0 2 6 0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 
105 00 0 0 1 0 0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 
98 00 0 0 0. 5 0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 
91 00 0 0 1. 5 0 0 0 0 0 . 0 0. 0 0 0 0 0 0. 0 0 0 
84 00 0. 0 1. 0 0. 0 0. 0 0 . 0 0. 0 0. 0 0. 0 0. 0 0. 0 
77. 00 0. 0 1. 0 0. 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 
70. 00 0. 0 1. 5 0. 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 
63. 00 0. 0 1. 0 0. 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 
56. 00 0. 0 1. 5 0. 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 
49. 00 0. 0 1. 0 0. 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 
42. 00 0. 0 8. 7 0. 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 
35. 00 0. 0 1. 0 0. 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 
28. 00 0. 0 2. 0 0. 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 
21. 00 0. 0 20. 4 0. 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 
14. 00 0. 0 6. 1 0. 0 0. 0 0 0 0. 0 0. 0 0. 0 0. 0 0. 0 
0. 99 1. 48 1. 98 2. 48 3. 02 3. 52 4. 02 4. 51 5. 01 5. 50 
PERCENTAGE TIME AT ENGIHE IDLE/OFF = 49.0 
PERCENTAGE TIME COMP. BRAKING = 18.4 
FIG 6.2 - Engine usage map of t h e Medium c ar (employing the 
B L Perbury CVT) d r i v e n over ECE-15 c y c l e . 
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V e h i c l e M i n i Small Medi um 
Highest g e a r i n g needed 
Lowest g e a r i n g needed 
( F i n a l d r i v e r a t i o 





I . 19: 1 
I I . 3:1 
O v e r a l l r a t i o spread 
r e q u i r e m e n t 
9.25:1 8.2:1 9.5:1 
TABLE 6.1 - CVT v e h i c l e g e a r i n g r e q u i r e m e n t s 
C V T Perbury C. R. T. D. H. M. T. Transmatic 
Highest 
Gearing . . 
0.45: 1 0.54:1 0.50:1 0.48: 1 
Lowest 
Gearing 
5.00: 1 6.48: 1 4.00:1 2.10:1 
O v e r a l l 
r a t i o range 
a v a l l a b l e 
11:1 12: 1 8: 1 4.4:1 
TABLE 6.2 T Gearing c a p a b i l i t i e s of the s e l e c t e d CVTs 
a t f u l l povjer. 
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V e h i c l e M i n i Small Medi um 
Perbury 3. 22 3. 30 2. 95 
C. R. T. D. 2. 85 2. 82 2. 35 
H. M. T. 2. 95 3.11 2. 65 
T r a n s m a t i c * 1.5 <x 1.97) 1.97 (X 1.54) 2. 34 (X 1. 11) 
* F i g u r e i n t h e p a r e n t h e s i s 
i s t h e i n i t i a l r e d u c t i o n gear r e q u i r e d by Transmatic. 
TABLE 6.3 - F i n a l d r i v e r a t i o s r e q u i r e d f o r each CVT v e h i c l e . 
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T r a n s m i s s i on 
Tra n s m i s s i on 










s h i f t s ) 
90. 1 41. 8 -18. 5 
Manual 
(optimum 
s h i f t s ) 
94. 8 51. 3 -
Perbury 8 5 . 4 5 3 . 1 + 3.5 
c. R; T. D. 90. 7 54. 7 
51. 5 
+ 6.6 
+ 0.4 H. M. T. 79. 6 
Transmatic 8 3 . 7 5 3 . 0 + 3.3 
TABLE 6 . 4 - M i n i v e h i c l e urban f u e l economy 
w i t h d i f f e r e n t t r a n s m i s s i o n s . 
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T r a n s m i s s i o n 
Trans m i s s i on 
e f f i c i e n c y 
(%) 
Fuel 
Consu mpt i o n 
(mpa:) 
% improvements 
i n f . c . 
Manual 
(ECE-15 s h i f t s ) 
93. 5 
• •••r'o-' 
39 . 5 - 7 . 9 
Manual 
(optimum s h i f t s ) 
95. 5 42. 9 -
Perbury 85. 1 44. 9 + 4.7 
C. R. T. D. 90. 7 45. 1 45. 1 
H. M. T. 79. 1 44. 2 + 3.0 
Transmatic 83. 3 44. 8 + 4.4 
TABLE 6.5 - Small c a r urban f u e l economy. 
Tr a n s m i s s i on 
Transmi s s i on 






i n f . c . 
Manual 
(ECE-15 s h i f t s ) 
92. 2 34. 5 - 7 . 0 
Manual 
(optimum s h i f t s ) 
93. 4 37. 1 -
Perbury 83. 2 39. 6 + 6.7 
C. R. T. D. 90. 0 40 + 7.8 
H. M. T. 76. 2 38. 5 + 3.8 
Transmat i c 81.3 
-
39. 5 + 6.5 
TABLE 6.6 - Medium car urban f u e l economy. 
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• 
T r a n s m i s s i on 
Fu 
ECE-15 
e l consu 
56 mph 
mpt i on ( 
75 mph 
mpg) 
o v e r a l 1 * 
Improvements 
i n o v e r a l l 
f . c. (%) 
4-speed 
c r u i s e 




55. 5 38. 7 51. 8 -
A 
IT 5-speed 
U c r u i s e 
A i n 0.8: 1 
L 
61. 6 42. 3 55. 6 + 7.3 
6-speed 
c r u i s e 
i n 0.6:1 
67. 1 44. 4 58. 5 + 12. 9 
Perbury 53. 1 64. 6 41. 9 57. 7 + 11. 4 
C. R. T. D. 54. 7 67. 2 43. 0 59. 8 + 15. 4 
H. M. T. 51. 5 62. 5 39. 5 55. 8 + 7.7 
Transmatic 53. 0 66. 9 43. 7 59. 0 + 13. 9 
» (4 0% ECE-15, 50% 56 mph, 10% 75 mph) 
** Optimum gear s h i f t s ( s t a n d a r d gear s h i f t s ) 
TABLE 6.7 - Comparison of ' M i n i ' c a r f u e l economy (mpg) 
o b t a i n e d by employment of t h e d i f f e r e n t types 
of t r a n s m i s s i o n s . 
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T r a n s m i s s i on 
Fu 
?CE-15 





o v e r a l 1 * 
I mprovement 
i n o v e r a l l 








c r u i s e 
i n 1: 1 
42.9*» 
(39.5) 
53. 5 39. 7 47. 9 -
5-speed 
c r u i s e 
i n 0.8:1 
58. 2 43. 4 50. 6 + 5.6 
6-speed 
cru i s e 
i n 0.6:1 
64. 6 44. 3 53. 9 + 12. 5 
Perbury 44. 9 61. 6 41. 8 52. 9 + 10. 4 
C. R. T. D. 45. 1 63. 9 42. 7 54. 3 + 13. 4 
H. M. T. 44. 2 58. 8 40. 1 51. 1 + 6.7 
Transmatic 44. 9 63. 7 43. 4 54. 2 + 13. 2 
* (40% ECE-14, 50% 56 mph, 10% 75 mph. ) 
*# Optimum gear s h i f t s ( s t a n d a r d gear s h i f t s ) 
TABLE 6.8 - Comparison of ' s m a l l ' c a r f u e l economy 
o b t a i n e d by d i f f e r e n t t y p e s of t r a n s m i s s i o n s . 
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o v e r a l 1 * 
Improvements 
i n o v e r a l l 








c r u i s e 
i n 1: 1 
37. 1 * * 
(34.5) 
51. 2 39. 1 44. 4 -
5-speed 
c r u i se 
i n 0.8:1 
54. 9 42. 5 46. 5 + 4.7 
6-speed 
c r u i s e 
i n 0.6:1 
63. 1 45. 5 50. 9 + 14. 6 
Pert Dury 39. 6 66. 6 43. 0 53. 4 +20. 3 
C. R. T. D. 40. 0 68. 7 43. 6 54. 7 +23. 2 
H. M. T. 38. 5 59. 8 41. 8 49. 5 + 11. 5 
Transmatic 39. 5 68. 6 43. 7 54. 1 +21. 8 
* 40% ECE-15, 50% 56 mph, 10% 75 mph. 
*» optimum gear s h i f t s ( s t a n d a r d gear s h i f t s ) 
TABLE 6.9 - Comparison of 'Medium' car f u e l economy o b t a i n e d 
i n employment of d i f f e r e n t t y p e s of t r a n s m i s s i o n s . 
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Performance Conven-
- t i onal 
Perbury CRTD HMT Trans-
-matic 
0-30 mph 
a c c e l e r a t i o n 
t i m e (sees) 
5. 1 5. 0 4.5 7. 0 9.2 
0-60 mph 
a c c e l e r a t i o n 
t i m e (sees) 
15. 0 14. 1 13. 0 17. 4 20. 1 
Maximum 
speed (mph) 91 88 88 83 88 
Maximum 
speed a t 5% 
g r a d i e n t 
(mph) 
70 72 72 69 72 
TABLE 6.10 Comparison of ' M i n i ' car performance 
when employing d i f f e r e n t t y p e s of t r a n s m i s s i o n s . 
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Performance Conven-
- t i o n a l 
Perbury CRTD HMT Trans-
-matic 
0-30 mph 
a c c e l e r a t i on 
time (sees) 
5. 5 4. 5 4. 6 6. 2 9. 4 
0-60 mph 
a c e l e r a t i o n 
t i m e (sees) 
15. 7 14. 0 12. 9 16. 5 19. 4 
Maximum 
speed (mph) 
91 92 94 88 94 
Maximum 
speed a t 5% 
g r a d i e n t 
(mph) 
L 
79 77 79 73 79 
TABLE 6.11 Comparison of 'Small' c a r performance 
when employing d i f f e r e n t t y p e s of t r a n s m i s s i o n s . 
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Performance Conven-
- t i o n a l 
Perbury CRTD HMT Trans-
-mat i c 
0-30 mph 
a c c e l e r a t i o n 
t i m e (sees) 
4. 9 4. 8 4.5 6. 1 8. 7 
0-60 mph 
a c c e l e r a t i o n 
t i m e (sees) 
12. 9 12. 1 11. 2 14. 5 19. 2 
Maximum 
speed (mph) 
105 103 104 99 104 
Maximum 
speed a t 5% 
g r a d i e n t 
(mph ) 
88 84 85 78 85 
TABLE 6.12 Comparison of 'Medium' car performance 
when employing d i f f e r e n t types o f t r a n s m i s s i o n s . 
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V e h i c l e 
Engine 
Power V e h i c l e 
0-30 mph 
Min. a c c e l e i — 
0-60 mph 
M i n . a c c e l e i — Maximum 
Rat i ng Weight - a t i o n t i me - a t i o n time speed 
(kw) (kg) (sees) (sees) (mph) 
Manual 35 800 5. 1 15. 0 91. 0 
Perbury 33 795 5. 1 15. 1 86. 0 
C. R. T. D. 31 790 5. 1 14. 9 86. 0 
TABLE 6.13 - M i n i v e h i c l e s of comparable performance. 
V e h i c l e 
Engi ne 
Power V e h i c l e 
0-30 mph 
M i n . a c c e l e i — 
0-60 mph 
M i n . a c c e l e i — Maximum 
R a t i n g Weight - a t i o n time - a t i o n time speed 
(kw) (kg) (sees) (sees) (mph) 
Manual 40 900 5. 5 15. 7 91. 0 
Perbury 36 890 5. 3 15. 7 89 
C. R. T. D. 33 880 5. 4 15. 6 88 
TABLE 6. 1^ r - Small v e h i c l e s o f comparable performance. 
V e h i c l e 
Engi ne 
Power V e h i c l e 
0-30 mph 
M i n . a c c e l e i — 
0-60 mph 
Min.acceler— Maximum 
Rat i ng Weight - a t i o n t i me - a t i o n t i me speed 
(kw) (kg) (sees) (sees) (mph) 
Manual 55 1050 4.9 12. 9 105 
Perbury 51 1040 4.9 13. 0 100 
C. R. T. D. 47 1030 4.8 12. 9 98 
TABLE 6.15 - Medium v e h i c l e s o f comparable performance. 
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T r a n s m i s s i o n ECE-15 56 mph 
c r u i s e 
75 mph 
c r u i s e 
Over— 
- a l l 
f . e. 
% improve-
-ments i n 
o v e r a l 1 
f . c . 
Manual 
(ECE-15 s h i f t s ) 
41. 8 55. 5 38. 7 48. 3 - 6 . 8 
Manual 
(optimum s h i f t s ) 
51. 3 55. 5 38. 7 51. 8 -
Perbury 54. 2 65. 3 41. 8 58. 5 + 12. 9 
C. R. T. D. 56. 6 68. 0 42. 4 60. 9 + 17. 6 
TABLE 6.16 - Fuel economy (mpg) of Mi n i v e h i c l e s 
of s i m i l a r performance 
Transmi s s i on ECE-15 56 mph 
c r u i s e 
75 mph 
c r u i s e 
Ovei— 
- a l l 
f . c . 
(mpg) 
% improve-
-ments i n 
o v e r a l 1 
f . c . 
Manual 
(ECE-15 s h i f t s ) 
39. 5 53. 5 39. 7 46. 5 - 2 . 9 
Manual 
(optimum s h i f t s ) 
42. 9 53. 5 39. 7 47. 9 -
Perbury 45. 0 63. 1 41. 8 53. 7 + 12. 1 
C. R. T. D. 47. 8 66. 3 42. 5 56.5 . + 18. 0 
TABLE 6.17 - Fuel economy (mpg) of Small v e h i c l e s 
of s i m i l a r performance. 
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ECE-15 56 mph 
c r u i s e 
75 mph 
c r u i s e 
Over-
- a l l 
f . c. 
% improve-
-ments i n 
o v e r a l 1 
f . c . 
Manual 
(ECE-15 s h i f t s ) 
34. 5 51.2 39. 1 43. 3 - 2 . 5 
Manual 
(optimum s h i f t s ) 
37. 1 51. 2 39. 1 44. 4 -
Perbury 41 67. 2 43. 3 54. 3 +22. 2 





.... _ . . . . . . 
56. 3 +26. 8 
TABLE 6. 18 Fuel economy of Medium v e h i c l e s 
of s i m i l a r performance. 
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C H A P T E R S E V E i r 
V E H I C L E F U E L ECOFOltY BY THE YEAR 2000 
7. V e h i c l e Fuel EcQnomy by the Year 20QQ 
In. t h e l a s t two c h a p t e r s , t he e f f e c t of p o s s i b l e improvements 
i n each area o f c o n v e n t i o n a l v e h i c l e s are s t u d i e d 
i n d e p e n d e n t l y . T h i s c h a p t e r a t t e m p t s t o p r e d i c t t h e f u e l 
economy of v e h i c l e s on the road by t h e year 2000, i n 
i n c o r p o r a t i n g t h e v a r i o u s improvements achieved i n res e a r c h 
v e h i c l e s and t h o u g h t f e a s i b l e by the t u r n o f the cent u r y . 
7. 1 V e h i c l e S p e c i f i c a t i o n 
Table 7. 1 shows p r e d i c t e d d e s i g n v a l u e s f o r t he range o f 
v e h i c l e s c o n s i d e r e d . V e h i c l e improvements of a t l e a s t 
15% i n v e h i c l e t o t a l mass, 1 1 % i n drag c o e f f i c i e n t and 17% i n 
r o l l i n g r e s i s t a n c e c o e f f i c i e n t are thought p o s s i b l e . These 
improvements are w e l l w i t h i n t h e scope of the improvements 
a l r e a d y a c h i e v e d i n r e s e a r c h v e h i c l e s (14, 47, 48, 49, 50). 
F e a s i b i l i t y o f CVTs and t h e i r s u p e r i o r i t y over a l l o t h e r t y p e s 
of proposed t r a n s m i s s i o n s has been shown i n Chapter 6. I t i s 
b e l i e v e d t h a t wide r a t i o range CVTs capable o f e f f i c i e n c y 
c h a r a c t e r i s t i c s a t l e a s t equal t o the B. L. Ferbury w i l l be 
employed i n mass produced v e h i c l e s i n the near f u t u r e . 
The v e h i c l e s employ a t h r e e c y l i n d e r (30-50 Kw> res e a r c h 
engine ( S e c t i o n 5.6) w i t h f u e l c u t - o f f d u r i n g i d l e and overrun 
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c o n d i t i o n s . The engine power r a t i n g s are reduced r e l a t i v e t o 
t h e p r e s e n t v a l u e s as these v e h i c l e s employ a CVT and have 
improved v e h i c l e c h a r a c t e r i s t i c s . Table 7.2 shows t h a t 
a l t h o u g h t h e improved c a r s have lower power r a t i n g s t h e y 
p r e s e n t a b e t t e r performance t h a n t h e present v e h i c l e s . 
Fuel Economy 
F i g u r e 7.1 compares t h e c r u i s e f u e l consumptions p r e d i c t e d f o r 
a m i n i car a t t h e t u r n of the c e n t u r y ( M i n i 2000) and those of 
t h e s t a n d a r d m i n i i n each gear. Large improvements are t o be 
gained, p a r t i c u l a r l y a t t h e 15-60 mph range. 
The o v e r a l l f u e l s a v i n g o b t a i n e d by d e s i g n improvements i n a 
number of areas of t h e v e h i c l e , i s not s i m p l y the algebraic-
sum of t h e percentage s a v i n g due t o each component as these 
v a l u e s are i n t e r e l a t e d . Tables 7.3 t o 7.5 emphasise t h i s 
p o i n t by f i r s t showing the f u e l s a v i n g due t o each improvement 
i n i s o l a t i o n ( i e no o t h e r v e h i c l e data i s changed) and then 
t h e f u e l s a v i n g s a v a i l a b l e i f a number of these improvements 
ar e i n c o r p o r a t e d i n t o a v e h i c l e . Tables 7.3 t o 7.5 a l s o 
compare t h e f u e l economy i n MPG f o r the s t a n d a r d v e h i c l e , w i t h 
those p r e d i c t e d f o r such v e h i c l e s a t the t u r n of the c e n t u r y . 
The l a r g e s t s a v i n g s are a t urban d r i v i n g c o n d i t i o n s . Apart 
f r o m when a CVT i s employed a l l t h e urban f i g u r e s shown have 
been o b t a i n e d i n u s i n g optimum gear s h i f t s . Urban f u e l 
199 
s a v i n g s o f 80% t o 90% are p r e d i c t e d which are mainly due t o 
engine c o n t r o l improvements ( i e f u e l c u t - o f f a t i d l e and 
o v e r r u n ) . The o v e r a l l f u e l s a v i n g s are i n the range 59% t o 65% 
which are h i g h e r t h a n t h e h i g h f u e l economy t a r g e t s e t a t 
S e c t i o n 1. 
Table 7.6 compares t h e t e c h n i c a l d ata o f the Medium 2000 
v e h i c l e w i t h two r e s e a r c h v e h i c l e s of t h i s range (47, 48). 
The performance of t h e t h r e e v e h i c l e s i s shown i n Table 7.7. 
The t h r e e v e h i c l e s have s i m i l a r 0-60 mph a c c e l e r a t i o n and 
maximum speed performance. The urban f u e l economy p r e d i c t i o n 
f o r t h e Medium 2000 v e h i c l e i s h i g h e r t h a n t he two r e s e a r c h 
v e h i c l e s as t h i s v e h i c l e has f u e l c u t - o f f a t i d l e and ove r r u n 
c o n d i t i o n s . The urban f u e l economy of t h e Medium 2000 w i t h o u t 
any f u e l c u t - o f f i s , however, c l o s e t o those achieved by the 
r e s e a r c h v e h i c l e s , w i t h t he CVT compensating f o r i t s 
r e l a t i v e l y h i g h e r weight and drag f a c t o r . 
The steady s t a t e f u e l consumption p r e d i c t i o n s f o r the 
Medium 2000 c a r a r e g e n e r a l l y lower t h a n t h a t of the res e a r c h 
v e h i c l e s which i s due t o i t s h i g h e r drag c o e f f i c i e n t . 
The o v e r a l l f u e l economy p r e d i c t i o n f o r the Medium 2000 
v e h i c l e i s s l i g h t l y h i g h e r t h a n t he two r e s e a r c h v e h i c l e s , 
which i s due t o i t s s u p e r i o r urban f u e l consumption. 
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7. 2 Advanced V e h i c l e 
The v e h i c l e s p e c i f i c a t i o n s shown i n Table 7.1 are moderate 
and i f p r e s s u r e d t h e motor i n d u s t r y c o u l d r e a d i l y embark on 
d e s i g n o f such v e h i c l e s . Comparison of Table 7.6 shows t h a t 
b e t t e r c h a r a c t e r i s t i c s t h a n those i n Table 7.1 are a t t a i n a b l e . 
T h i s s e c t i o n a t t e m p t s t o e s t i m a t e t h e type of f u e l s a v i n g 
p o s s i b l e i f c o s t s are c o n s i d e r e d u n i m p o r t a n t and the v a r i o u s 
parameters are t a k e n t o t h e i r t e c h n o l o g i c a l l i m i t s which may 
be a t t a i n e d by t h e t u r n of t h e c e n t u r y . Table 7.8 shows the 
s p e c i f i c a t i o n f o r such a v e h i c l e which w i l l be termed 
'Advanced M i n i ' . F i g s 7.2 and 7.3 show the steady s t a t e 
c r u i s e f u e l consumptions of t h e M i n i 2000 and the Advanced 
M i n i a t v a r i o u s g r a d i e n t s . The g r a d i e n t s c o u l d a l s o r o u g h l y 
r e p r e s e n t c o n s t a n t r a t e s of a c c e l e r a t i o n . Table 7.9 compares 
th e f i g u r e s i n MPG f o r the two v e h i c l e s and suggests t h a t 
f u r t h e r s a v i n g s of around 26% i n o v e r a l l f u e l economy i s 
p o s s i b l e i f t h e t e c h n o l o g i c a l l i m i t s shown i n Table 7.8 become 
f e a s i b l e i n t h e mass produced v e h i c l e s by the t u r n of the 
c e n t u r y . 
7.3 C Q n c l u s l D n s 
1. Improvements of around 80% t o 90% i n urban f u e l economy 
and 59% t o 65% i n o v e r a l l f u e l economy are p r e d i c t e d 
by t h e t u r n o f t h e c e n t u r y . 
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2. The t r a n s l a t i o n of ideas a t p r e s e n t i n c o r p o r a t e d i n 
r e s e a r c h v e h i c l e s t o on t h e road v e h i c l e s , r e g a r d l e s s 
of c o s t , c o u l d l e a d t o f u r t h e r f u e l s a v i n g s of up t o 
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= 205 
V e h i c l e C h a r a c t e r i s t i c s 
V e h i c l e weight (kg) 
Drag c o e f f i c i e n t 
F r o n t a l area (m''') 
C o e f f i c i e n t of r o l l i n g 
r e s i s t a n c e 
Wheel r a d i u s (m) 
Wheel i n e r t i a as e f f e c t i v e 
w e ight (kg) 
F i n a l d r i v e r a t i o 
CVT t y p e 
Engine maximum power (kw) 
Engine maximum speed (Rpm) 
I d l e f u e l consumption (g/s) 
Engine i n e r t i a (kgm^ "') 








































TABLE 7 . 1 - P r e d i c t e d d e s i g n c h a r a c t e r i s t i c s 
of t h r e e c a r ty p e s by the year 2000. 
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V e h i c l e 







Standard m i n i 
(35 kw) 
5. 1 15. 0 91 
M i n i 2000 (30 kw) 4. 7 13. 8 88 
Standard s m a l l 
(49 kw) 
5. 5 15. 7 91 
Small 2000 (35 kw) 4. 6 13. 2 93 
Standard Medium 
(55 kw) 
4. 9 12. 9 105 
Medium 2000 (50 kw) 4. 5 12. 0 101 
TABLE 7.2 - Comparison of performance of present v e h i c l e s 










o v e r a l 1 
a) V e h i c l e improvements 
( r e d u c t i o n i n W, CD & CR) 6 12 10 9 
b) Engine t r a n s m i s s i o n 
matching improvements 
(due t o employment of 
B L Perbury) 
4 16 8 10 
c) Engine improvements 
( i n c l u d i n g t h e 
reduced power r a t i n g ) 
16 20 23 19 
d) Engine 8s c o n t r o l 
improvements ( f u e l 
c u t - o f f a t i d l e and 
o v e r r u n ) 
36 20 23 27 
e) Improvements o b t a i n e d 
by i n c o r p o r a t i n g a, b & c 29 50 45 41 
f ) O v e r a l l improvements 
(a, b and d) 80 50 45 62 





t i o n (mp 
75 mph 
S> 
o v e r a l 1 
Standard M i n i 51 
(42) 
56 39 52 
(48) 
M i n i 2000 ( f ) 92 84 56 84 
» optimum gear s h i f t i n g d u r i n g t h e urban d r i v i n g c y c l e , 
TABLE 7.3 - Areas f o r f u e l s a v i n g and a comparison 
of mpg f i g u r e s of s t a n d a r d M i n i and those 







i n g possj 
75 mph 
Lble 
o v e r a l 1 
a) V e h i c l e improvements 
( r e d u c t i o n i n V, CD & CR) 
5 7 10 7 
b) Engine t r a n s m i s s i o n 
matching improvements 
(due t o employment of 
B L Perbury) 
5 15 5 10 
c) Engine improvements 
( i n c l u d i n g t h e reduced 
power r a t i n g ) 
26 20 20 22 
d) Engine & c o n t r o l 
improvements ( f u e l 
c u t - o f f a t i d l e & 
o v e r r u n ) 
67 20 20 39 
e) Improvements o b t a i n e d by 




f ) O v e r a l l improvements 
(a, b and d) 90 50 
V e h i c l e 
Fuel consumption (mpg) 
ECE-15* 56 mph 75 mph o v e r a l 1 
Standard Small 43 
(40) 
54 40 48 
(47) 
Small 2000 ( f ) 82 81 55 79 
TABLE 7.4 - Areas f o r f u e l s a v i n g and a comparison 
of mpg f i g u r e s o f s t a n d a r d Small and those 









L b l e 
o v e r a l 1 
a) V e h i c l e improvements 
( r e d u c t i o n i n W CD & CR) 
5 2 3 3 
b) Engine t r a n s m i s s i o n 
matching improvements 
(due t o employment of 
B L Perbury) 
8 31 10 20 
c) Engine improvements 
( i n c l u d i n g t h e reduced 
power r a t i n g ) 
22 14 15 17 
d) Engine & c o n t r o l 
improvements ( f u e l 
c u t - o f f a t i d l e and 
o v e r r u n ) 
59 14 15 32 
e) Improvements o b t a i n e d by 
i n c o r p o r a t i n g a b & c 35 47 33 41 
f ) 
<: i 
O v e r a l l improvements 
(a b & d) 81 47 33 59 





p t i o n (m 
75 mph o v e r a l 1 
Standard medium 37 
(35) 
51 39 44 
(43) 
Medium 2000 ( f ) 67 75 52 70 
TABLE 7.5 - Areas f o r f u e l s a v i n g and a comparison 
of mpg f i g u r e s o f s t a n d a r d . Medium and those 
p r e d i c t e d f o r a Medium c ar i n the year 2000. 
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V e h i c l e Medium 2000 ! BL ECV3 
(14) 
Volvo LCP 2000 
(48) 
Drag C o e f f i c i e n t 0. 31 0. 25 0.25 - 0.28 
F r o n t a l Area (m'"') 1. 95 1. 9 1. 8 
Test weight (kg) 890 664 707 
T r a n s m i s s i o n t y p e Perbury 5-speed 5-speed 
gear box gear box 
Power r a t i n g (kw) 50 54 NA ( d i e s e l ) 
._ 
TABLE 7.6 - A comparison of the t e c h n i c a l data of the 
Medium 2000 car w i t h two Research V e h i c l e s 
(Ref. 14, 48) 
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0-60 mph Acc. (sees) 12. 0 11. 00 11. 0 
Maximum speed (mph) 105 115 115 
Urban (ECE-15) 
Fuel consumption (mpg) 




Steady s t a t e 56 mph 
f u e l consumption (mpg) 75 81 66 
Steady s t a t e 75 mph 
f u e l consumption (mpg) 52 61 59 
O v e r a l l f u e l economy 
(ECE-15 - 4 0%, 56 mph 50% 
75 mph 10%) 
70 63 58 
TABLE 7.7 - A comparison of t h e performance p r e d i c t i o n s 
of t h e Medium 2000 car w i t h two Research V e h i c l e s 
of i t s range. 
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S p e c i f i c a t i o n M i n i 2000 Advanced Mini 
V e h i c l e weight (kg) 6 620 
Drag c o e f f i c i e n t 0 . 35 0 27 
F r o n t a l area Cm-'-) 1 . 73 1 65 
C o e f f i c i e n t o f r o l l i n g 0 . 01 0 008 
r e s i s t a n c e 
Wheel r a d i u s (m) 0 . 25 0. 24 
Wheel i n e r t i a as an 
e f f e c t i v e weight (kg) 10 10 
F i n a l d r i v e r a t i o 3 32 3. 4 
F i n a l d r i v e c y c l e (85--95) 95 
e f f i c i e n c y (%) 
CVT ty p e Perbury 92% c o n s t a n t / 
Engine maximum power (kw) 30 30 
I d l e f u e l consumption ( p t s / h r ) 0 8 0. 7 
TABLE 7.8 - S p e c i f i c a t i o n f o r t h e Advanced v e h i c l e 





Dipt i o n 
75 mph 
(mpg) 






f u e l 
nomy 
o v e r a l 1 
M i n i 92 84 56 84 - -
Advanced M i n i 104 113 74 106 + 13 +26 
TABLE 7.9 - P r e d i c t e d f u e l economy of Mi n i 2000 and Advanced 
M i n i , a comparison. 
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C H A P T E R E I G H T 
GOUCLUSIOUS 
8. Co n c l u s i o n 
A f l e x i b l e v e h i c l e s i m u l a t i o n package 'JANUS' has been 
developed t o f a c i l i t a t e i n v e s t i g a t i o n i n t o new concepts i n 
road v e h i c l e t e c h n o l o g y . The accuracy of the program and i t s 
component s u b r o u t i n e s have been proved by e x t e n s i v e and 
d e t a i l e d t e s t s on a range of I . C. engined v e h i c l e s . These 
t e s t s have produced s i m u l a t i o n r e s u l t s comparable w i t h the 
t e s t data. The s i m u l a t i o n r e s u l t s f o r steady s t a t e c r u i s e 
r e s u l t s a t speeds h i g h e r t h a n 30 raph are the most accurate and 
u s u a l l y w i t h i n 3% of t h e t e s t data. The r e s u l t s f o r low speed 
c r u i s e are t h e l e a s t a c c u r a t e which i s due t o t h e low l o a d 
f a c t o r of t h e engine. At such low l o a d l e v e l s component 
e f f i c i e n c y changes r a p i d l y and e f f i c i e n c y measurements are 
l e a s t a c c u r a t e . A l t h o u g h urban c y c l e s c o n t a i n some low speed 
c r u i s e p e r i o d s , t h e y a l s o i n c l u d e p e r i o d s of a c c e l e r a t i o n . 
T h i s i n c r e a s e s t h e average c y c l e l o a d f a c t o r and i n general 
good agreement i s a t t a i n e d between t e s t and s i m u l a t e d r e s u l t s , 
u s u a l l y w i t h i n 10%. I t s h o u l d be noted t h a t these r e s u l t s are 
h e a v i l y dependent on t h e i d l e f u e l consumption. 
Due t o t h e absence of v i a b l e a l t e r n a t i v e s , t h i s work 
c o n c e n t r a t e s on I.C. engines which are expected t o remain t he 
dominant power u n i t s , a t l e a s t , up t o the next c e n t u r y . The 
d i e s e l engine as an a l t e r n a t i v e t o S.I. engine may increase 
i t s share o f t h e car market. T h i s i n c r e a s e i s l i k e l y t o be 
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l i m i t e d however by a shortage of middle d i s t i l l a t i o n . For 
improvements i n S.I. engine design, i n c r e a s e s on t h e h i g h e s t 
compression r a t i o w i l l be l i m i t e d by the onset of knock. The 
octane number of g a s o l i n e i s u n l i k e l y t o i n c r e a s e much i n the 
f u t u r e due t o p r e s s u r e s t o remove t h e l e a d a n t i knock 
a d d i t i v e s f o r e n v i r o n m e n t a l reasons. The improvements i n S.I. 
d e s i g n w i l l , t h e r e f o r e , have t o be o b t a i n e d by changes i n f u e l 
d i s t r i b u t i o n and a l t e r a t i o n s t o t h e geometry of p i s t o n and 
c y l i n d e r head. The improved d e s i g n employed i n t h i s work i s a 
modern t h r e e - c y l i n d e r r e s e a r c h engine w i t h improved 
performance a r i s i n g f r o m optimum c y l i n d e r s i z e , lower f r i c t i o n 
l o s s e s and improved i g n i t i o n a t i d l e . The s i m u l a t i o n r e s u l t s 
suggest t h a t t h e employment of t h i s engine r e s u l t s i n f u e l 
s a v i n g s i n o r d e r of 11%. 
The most e f f i c i e n t o p e r a t i o n of an engine i s a l o n g the l o c u s 
of i t s minimum break s p e c i f i c f u e l consumption (BSFC) p o i n t s 
and e f f f i c i e n t management of gear s h i f t i n g can l e a d t o the 
engine o p e r a t i n g c l o s e t o t h i s l o c u s . The s i m u l a t i o n r e s u l t s 
suggest t h a t i n t h i s way urban f u e l consumption c o u l d be 
improved by 8-23% compared w i t h t h e f u e l economy o b t a i n e d by 
u s i n g t h e ECE-15 gear s h i f t schedule. The l a r g e v a r i a t i o n i n 
these improvements i s due t o d i f f e r e n t engine s i z e s . These 
r e s u l t s , however, r e f e r t o an i d e a l case where by c o r r e c t 
usage of t h e gear box t h e d r i v e r o p t i m i s e s the f u e l 
consumption r a t e s by approaching the i d e a l l i n e as much as 
p o s s i b l e . But under t h e v a r y i n g c o n d i t i o n s of t r a f f i c the 
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d r i v e r a t t e n t i o n i s c o n c e n t r a t e d on e x t e r i o r events and cannot 
a d e q u a t e l y deal w i t h t h i s a d d i t i o n a l problem. T h i s optimum 
gear s h i f t i n g c o u l d be a t t a i n e d , however, by proposed 
a u t o m a t i c gear box designs w i t h s h i f t gears r e l a t i v e t o l o a d 
and speed. Another method of a c h i e v i n g b e t t e r engine 
t r a n s m i s s i o n matching a t medium and h i g h road speed i s 
a d d i t i o n of e x t r a o v e r d r i v e gears. F i v e speed gear boxes are 
a l r e a d y employed i n motor c a r s and a p r o g r e s s i o n t o a s i x 
speed gear box i s p o s s i b l e . S i m u l a t i o n r e s u l t s suggest t h a t 
improvements i n o r d e r of 15% i n o v e r a l l f u e l economy can be 
o b t a i n e d i n t h i s manner. Such s a v i n g s c o u l d overcome any 
consumer r e s i s t a n c e a r i s i n g f r o m the l o s s of c o m f o r t 
a s s o c i a t e d w i t h m u l t i p l e gear s h i f t i n g . 
To ensure engine o p e r a t i o n a l o n g i t s l o c u s of minimum BSFC 
p o i n t s a t any c o n d i t i o n of l o a d and speed a wide r a t i o spread 
c o n t i n u o u s l y v a r i a b l e t r a n s m i s s i o n (CVT) must be employed. 
A l t h o u g h numerous CVT designs have been proposed, t h e i r 
i n t r o d u c t i o n t o on-the-road v e h i c l e s has not occurred. The 
major reasons f o r t h i s have been, depending on t h e design, 
r e l a t i v e l y poor e f f i c i e n c y c h a r a c t e r i s t i c s , inadequate r a t i o 
spreads, h i g h weight or e x e s s i v e c o s t . The most p r o m i s i n g of 
these designs w i t h e f f i c i e n c y c h a r a c t e r i s t i c s approaching t h a t 
o f a manual gear box are the Transmatic, B L Perbury, Cone 
R o l l e r T o r o i d a l D r i v e (CRTD) and Hydromechanical Drives. 
S i m u l a t i o n r e s u l t s suggest t h a t employment of the above 
t r a n s m i s s i o n s i n v e h i c l e s can l e a d t o improvements of 7-23% i n 
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o v e r a l l f u e l economy compared w i t h the best a t t a i n a b l e by 
c o n v e n t i o n a l 4-speed v e h i c l e s . Furthermore, employment of a 
CVT w i t h a wide r a t i o spread (such as t h e two t r a c t i o n d r i v e s ) 
can r e s u l t i n a b e t t e r a c c e l e r a t i v e performance as the CVT can 
m a i n t a i n engine speed t o t h a t a t which maximum power occurs, 
once t h i s speed has been a t t a i n e d . I f t h i s improvement i n 
v e h i c l e a c c e l e r a t i o n i s not d e s i r e d , t h e engine power r a t i n g 
c o u l d be reduced t o produce the same a c c e l e r a t i v e performance 
as t h a t of a comparable c o n v e n t i o n a l v e h i c l e w i t h a gear box. 
S i m u l a t i o n r e s u l t s suggest t h a t such a v e h i c l e w i l l have a 
f u e l economy 12-27% b e t t e r t h a n the comparable c o n v e n t i o n a l 
v e h i c l e . 
I n t h e employment of e l e c t r o n i c a l l y c o n t r o l l e d gear boxes and 
c o n t i n u o u s l y v a r i a b l e t r a n s m i s s i o n , the d i r e c t l i n k a g e system 
between t h e a c c e r l a t o r and t h e engine i s l i k e l y t o be r e p l a c e d 
by a c l o s e d l o o p c o n t r o l system where some d r i v e choice i s 
e l i m i n a t e d . The c l o s e d l o o p system c o u l d l e a d t o the 
o p t i m i s a t i o n of t h e spark t i m i n g s and the m i x t u r e s t r e n g t h . 
I n a d d i t i o n , f u e l c o u l d be c u t o f f d u r i n g i d l i n g and o v e r r u n 
c o n d i t i o n s . The s i m u l a t i o n r e s u l t s show t h a t t h e combined 
e f f e c t of such f u e l c u t - o f f i s an o v e r a l l f u e l s a v i n g of 
around 12%. C l e a r l y these improvements are h i g h l y dependent 
on p r e s e n t v e h i c l e s ' i d l e f u e l consumption. 
The a p p l i c a t i o n of h i g h s t r e n g t h s t e e l , c a s t aluminimum, 
p l a s t i c s and magnesium i n v e h i c l e s i s expected t o grow 
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r e s u l t i n g i n f u r t h e r weight r e d u c t i o n . One e f f e c t of t h i s 
w i l l be a r e d u c t i o n i n r o l l i n g r e s i s t a n c e losses. Another 
avenue t o reduce t h e r o l l i n g r e s i s t a n c e l o s s e s i s by 
improvements i n t y r e t r e a d and carcase design; these 
improvements may be r e s t r i c t e d , however, by s a f e t y 
r e q u i r e m e n t s . T u r n i n g t o a i r drag l o s s e s , g i v e n t h a t the 
s e a t i n g a t t i t u d e and p o s i t i o n of car occupants i s u n l i k e l y t o 
change, s i g n i f i c a n t r e d u c t i o n s i n f r o n t a l area are not 
expected. F u r t h e r r e d u c t i o n s i n a i r drag c o e f f i c i e n t , 
however, are a t t a i n a b l e by t i g h t e r c o n t r o l s on v e h i c l e s t y l i n g 
and b e t t e r a i r f l o w management. S i m u l a t i o n r e s u l t s show t h a t 
by c o m b i n a t i o n o f the best weight, a i r drag and r o l l i n g 
r e s i s t a n c e c h a r a c t e r i s t i c s of e x i s t i n g v e h i c l e s i n t o one 
v e h i c l e , f u e l s a v i n g of 6-9% can be a t t a i n e d by t h e t u r n of 
t h e c e n t u r y . 
The i n c o r p o r a t i o n of the improvements i n v e h i c l e design 
d i s c u s s e d i n t o on the road v e h i c l e s by t h e t u r n of the c e n t u r y 
r e s u l t s i n f u e l s a v i n g s of 59-65%. These p r e d i c t i o n s surpass 
t h e f u e l economy t a r g e t s s e t a t t h e b e g i n n i n g of t h i s work and 
are i n l i n e w i t h t h e p r e s e n t aims of t h e motor i n d u s t r y . The 
above s a v i n g s c o u l d be f u r t h e r improved by 26% t h r o u g h the 
t r a n s l a t i o n of t h e ideas a t p r e s e n t i n c o r p o r a t e d i n research 
v e h i c l e s t o on t h e road v e h i c l e s by the year 2000. 
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